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Preface 



The study of rocks using ihin sections and a petrographic microscope 
was initiated by Henry Clif'lon Sorby in the middle oflhe nineleenlh 
century and the tirsl rocks he described were silicif ed limestones from 
the Jurassic in Yorkshire. This work was published in 1B51. His 
presidential address to the Geological Society of London in IB79 was 
entitled 'On the structure and origin of limestones' and Sorby had a 
series of plates, made from camera lucida drawings, reproduced for 
private circulation with copies of the text of his address. These 
illustrated the microscopic characteristics oflimestones from through- 
out the British geological record and amounted to the first petro- 
graphic atlas. 

Despite the pertinence of Sorby’s work, much of which is still valid 
today, few people recognized its importance at the time. While the 
petrographic study of igneous and metamorphic rocks became 
increasingly important, that ofsedimentary rocks languished until well 
into the present century. Since about 1950. with much geological 
research directed towards the search for oil and gas trapped in the 
pore-spaces of sedimentary rocks, sedimentary petrography has 
become one of the most important fields of geology and forms a key 
part of most undergraduate courses. 

The aim of this book is therefore similar to that of the previously 
published Atlas of igneous rocks uml their textures^ in that it is designed 
to be a laboratory handbook for the student beginning a study of 
sedimentary rocks in thin section, whether he or she is an amateur or 
an undergraduate. Only a basic knowledge of mineralogy and palaeon- 
tology is assumed. While we make no claim that the book is 
comprehensive, we have tried to include photographs of most of the 
components ofsedimentary rocks encountered in thin sections during 
an undergraduate course in geology. 

The book is in three pans. Part I deals with the terrigenous clastic 
rocks and concentrates on sandstones, since the petrographic micro- 
scope is most usefully employed with rocks of this grain size. We have 
attempted to show ihc common dctritalcomponcnts of sandstones and 
the range of rock types occurring, without becoming involved in 
details of the many classiiications which exist. 

Part 2 deals with the carbonate rocks and is the longest section in the 
book. This is because to the newcomer to carbonate petrology, 
limestones contain a bewildering variety of grain types. The bioclasls 
in particular show such variation in shape and structure that it has 
been difficult to know what to leave out. We have attempted to show 
the range of common bioclast types while realizing that this section of 
the book cannot be comprehensive within the limits of the number of 
photographs which we arc able to reproduce. Most of the photographs 
of limestones arc from stained thin sections and acetate peels. The 
staining aids identification of minerals and textures and also makes 
limestones more attractive to study. The readerexamining a collection 
of unstained sections of carbonate rocks should still find the photo- 
graphs and text useful in identifying grain types and textures. 
Photographs of unstained limestone sections are included throughout 
to remind the reader what untreated material looks like. 

Part 3 illustrates ironstones, cherts, evapo rites, phosphorites and 



carbonaceous rocks in thin section. We hope the section on evaporites 
will be of particular interest, as published colour photomicrographs of 
some minerals are rare. 

Three appendices are included. Appendix I is a slightly modified 
j'orm oj'the appendix in the Atlas of igneous rocks imd their and 

describes how a thin section may be made. Appendix 2 describes a 
method of staining thin sections of limestones and Appendix 3 
contains instructions on how to make acetate peels. 

Throughout the book wc have tried to keep the text descriptive and 
to avoid details of interpretation. However, it has proved impossible to 
omit discussion in some cases, particularly with the carbonate rocks 
where identiiication of grains and textures goes hand in hand with an 
interpretation of their origin. Wc have attempted to show typical 
material rather than particularly good examples of any feature 
illustrated. Extensive cross-referencing is given to help the reader in 
finding other photographs of similar phenomena. 

Inevitably the bulk of the illustrated material comes from the British 
Isles: we believe however that it is representative of sedimentary rocks 
the world over. 

Finally, we must repeat the cautionary note in the preface to Atlms of 
igneous rocks and their textures. This book is a laboratory handbook to 
assist in the study of sedimentary rocks in thin section. There is no 
substitute for the student examining material under the microscope for 
him- or herself and we hope this book will encourage students to make 
their own petrographic observations. 
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Part I 

Terrigenous clastic rocks 



Terrigenous clastic rocks 



Introduction 



Terrigenous clastic sediments arc made up of transported fragments 
derived from the weathering of pre*existing igneous, sedimentary or 
metamorphic rocks. These rocks are classified initially according to 
grain size, using the Udden*Wentworth scale (Table 1 ). 

It is those terrigenous sediments of intermediate grain size - the 
coarser siltstones, sandstones and finer conglomerates and breccias - 
that arc most usefully studied using the petrographic microscope, since 
the grain types can be identifkd by this means. The principal 
component grain types are quartz, feldspar and rock fragments. The 
matrix of such sediments may be the fine-grained weathering products 
of the source rocks, such as clay minerals, or it may be a secondary 
cement. 

Clays and shales are too fine-grained for study using the petro- 
graphic microscope and must be examined by electron microscopy or 
X-ray diflYaction. The components of coarser conglomerates and 
breccias can usually be identified with the aid of only a hand lens. 

The shape and roundness of the components of terrigenous clastic 
rocks are important in describing sedimentary textures. Categories of 
roundness for grains of high and low sphericity are shown in Fig. A. 
Sedimentary textures are discussed on p. 24. 



Table I. Gr ain^size classification oj sediments 



Size in mm 
of class 
boundary 


Class term 


Grain size terms for rock 




boulders 


rudite 

rudaoeous rock 

conglomerate 

breccia 


64 


cobbles 




pebbles 




granules 




very coarse sand 


arenite 

arenaceous rock 
sandstone 




coarse sand 


n \ \ 


medium sand 




fine sand 


n 1 ^ 


very fine sand 




coarse silt 


siltstone 


argillite 

argillaceous rock 
mudstone 
mudrock 
shale 


f\ f\ f f j:/ i H 


medium silt 




fine sik 


0 


very fine silt ; 




clay 


claystone 



5, Well-rounded 


4. Rounded 


3. Subrounded 


2. Subangular 


1. Angular 


0. Very angular 
















LOW 

SPHERICITY 

[ 
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j 

O' / 




HIGH 

SPHERICITY 



Fig. A Categories of round ness for grains of low and high sphericity (after Fettijohn et ai. 1973) 
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Terrigenous clastic rocks 



K2 



Quartz 




The mosl abufidanl gram type in sandsloncs and con- 
glonieralcs is quartz. In addilion lo ihc size and shape of 
individual quarlz grains, the following features should be 
observed since they may provide clues lo the provenance 
of ihc scdimcni: 

I . Whether ihc quarlz grains arc single crystals (mono- 
crystalline) or are made up of a number of crystals in 
difTcrcnl orientations (poiycryslallinc). 

2 Whether extinction is uniform (the grain extinguishes 
in one position on rotation of the stage) or undulosc 
(the grain extinguishes over a range of at least 5“ on 
rotation of the stage). 

3. The presence or absence of inclusions. 

4. In the case of poiycryslallinc grains, whether the 
crystal boundaries arc straight or sutured. 

I and 2 show subrounded quarlz grains winch arc single 
crystals, taken with plane-polarized light (PPL) and with 
crossed polars (XPL). The matrix between the sand grains 
conlains opaque iron oxide and some calcilc. The latter 
shows high-order pink and green inlcrfcrcncc colours, 



/ (fnd 2: Red M nun (a in h'onuanon, SHuricm. Binnin^hanL 
Atalunmi, USA: nw^i'nifiauion x 38; / PRL, 2 XRL, 
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3, 4, 5 



Terrigenous elastic rocks 



Quartz 

(continued) 



The llircc rounded grains in the ccnlre ol’3 and 4 arc made- 
up ol’a number of quart/ crystals in dilfcrcnl orienlalions 
and arc ihus composite or polycrysuilloie quarlz. The 
composite nature of ihc grains is clear only in the view 
taken with polars crossed. Note that the boundaries 
between the crystals arc sutured. This is characteristic of 
quart/ from a mctamorphic source. Composite quartz 
from igneous sources usually has straightcr crystal 
boundaries. The much liner sediment surrounding the 
composite quartz grains contains monocrystallinc quartz 
and brownish clasts of line-grained material which arc 
proha hly shale or slate fragments. 

S shows a composite quartz grain viewed under crossed 
polars, in which not only arc the crystal boundaries within 
the grain sutured, hut also the crystals arc elongated in a 
pret erred direction. Such grains arc called sheared quciviz 
or streti hed mctamorphic quartz. In this type of quartz, 
individual crystals normally show undulosc extinction as 
a result of strain. Evidence for this in the example shown 
comes from the non-uniform interference colours shown 
by many of the crystals. 




Jry 



































' V’ 





i and 4. Trichru}l Beds. Silurian, Ptmtarllechau, Dyfed. 
Wales; n}ay,idlica(iun x 16: 3 PPL, 4 XPL. 

5: Carhonif'erottK. Amtlesc^\ Walc,^; ma:(nificati(m x43, 
XPL. 
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Terrigenous clastic rocks 



6 , 7,8 




Quartz 

(continued) 



Tlic quarlz grain in the centre of the field of view in 6 
appears lo be a single homogeneouscrystal. In 7 however, 
where ihe same field of view is seen undercrossed polars, 
ihe quarlz grain is clearly made up of parts of two 
crystals. One, cromprising the upper lefl portion of the 
grain is showing a mid-grey interference colour, whereas 
the rest of the grain comprises a crystal with areas 
shov^ ing slightly dififercnl interference colours. The Icfl- 
and right-hand sides are in extinction and interference 
colours become progressively paler towards the centre of 
the grain. Such a grain would show sweeping extinction 
when rotated. This phenomenon, known as umiuhse 
is a result of strain and is found in quarlz 
grains from both igneous and melamorphic sources. 

Quarlz crystals may sometimes incorporate mineral 
inclusions and identification of the minerals may yield 
information about the provenance of the sediment. 
The quartz grain in the centre of 6 and 7 has a number of 
needle-shaped inclusions, although they are loo small for 
the mineral lo be identified at the magnification shown, 

I nclusions of the fluid present at the lime of crystallization 
arc common in quarlz crystals and are known as fluid 
ifulusiofis or vacunlc.):. 8 shows a quarlz grain with 
abundant vacuoles. These appear as dark specks, and in 
the sample illustrated, many are concentrated in lines 
running at a low angle lo the length of the picture. Quartz 
with abundant vacuoles is usually derived from a source 
of low-temperature origin, such as a hydrothermal vein, 
and appears milky-white in a hand specimen, the photo- 
graph also shows a green mineral in the matrix around the 
quarlz grain, which is chlorite. 



6 and 7: locality and a^c iwkno^vn: ma^nifkation x 72; 6 
/VV„ 7 XfU.. 

8: Coal Measures, Upper Carboniferous, Lancashire, 
England: magnificaiion x 72, PEL, 

Undulose extinction can also he seen in 5. 
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Feldspar 



9, 10 



Terrigenous clastic rocks 



I 

I 



I 

I 



Feldspars arc a major conslitucnl of many sandstones 
and conglomerates. Alkali feldspars are more common 
than calcic plagioclasc, partly because they arc more 
resistant to chemical weathering, and partly because the 
ultimate source of many terrigenous rocks is granite or 
gneiss, rocks in which the feldspars arc mainly the alkali 
varieties. The chemical weathering of feldspars may be 
rapid, producing micas and clay minerals. Therefore 
feldspars arc most abundant and best preserved in rocks 
derived from mechanical weathering. The identification 
of feldspars in thin section isstraightf orward in the case of 
multiple-twinned grains of plagioclase or microcline. or 
where pcrthitic textures arc present. Distinguishing be- 
tween untwinned orthoclase and quarU can be difficult. 
The following features may help; 

[. Alteration because orthoclase is more susceptible to 
chemical weathering than quartz, it is often cloudy or 
brown-coloured in PPL, whereas quartz is usually 
clear. 

2, Refractive [ndex the index of quartz is very close to, 
but higher than that ol' Canada balsam, whereas the 
index ol' o] thoclasc is always lower than balsam. 

3, Interference ligurc orthoclase is biaxial with a 
moderate 2 V. quart/ is uniaxial unless strained. 

9 and HI show a large plagioclase grain which is easily 
identified by the twinning in the photograph with polars 
crossed. The grain shows a combination of two types of 
twins which arc probably Carlsbad (simple twin) and 
albite (multiple twinning). The cloudiness seen in PPL is 
caused hy patchy alteration of the feldspar. The highly 
birefringent. fine-grained alteration product is probably 
scricite. a mica. 



9 and 10: Cahun Con^iofncraic, Si/urian, Rhaycuh'/ . 
ntaf^nidcafinn x 35: 9 PPL, 10 XPL. 
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Terrigenous clastic rocks 



II, 12, 13 




Feldspar 

(continued) 



1 1 iind 1 2 show a pi:bblc-si7cd IVagmcnt composed almost 
cnlirdy of microclinc. Microclinc can be identilicd easily 
by the cross-hatched l winning which it invariably shows. 
Although the microclinc shows little alteration, feldspar 
grams in the upper IclL including multiple-twinned 
plagioclase. arc brownish coloured as a result of alter- 
ation. In contrast, the quartz in the upper right is 
relatively clear and unaltered. 

Grams showing perthitic intergrowths, comprising 
blebs or lamellae of sodium-rich feldspar in potassium- 
rich feldspar, arc not uncommon in sediments. 13 and 14 
show a very coarse sand-sized fragment of perthitc. Most 
of the other sediment grains are quartz and the matrix 
contains highly birefringent mineral grains too small to 
identify at the magnification shown, 

15 and 16 show grains of orthocla.se and quartz. The 
feldspar can he identifed in llie PPL view by its cloudy 
appearance due to alteration. The quartz is clear and 
utuiltercd. In the photograph taken with polarscrosscd, it 
can he seen that one feldspar exhibits a simple C arlsbad 
twin (upper right of photograph), but most of tlte grains 
are not twinned. Two multiple-twinned plagioclase 
crystals arc also visible in the held of view. i 

I 

! 



1 



8 



14, 15, 16 



Terrigenous clastic rocks 



Feldspar 

(continued) 



It and 12 ! oniitnnian, Prevamhrian, Isle of Skye, 

Scotland: ninynification x 16: // 12 XPL. 

13 and 14: Tnrt idanian . Precamht'ian , Tort'idan, Scotland; 
magnification X 3 fi, 13 PPL, 14 XPL. 

15 anti 16: Ton iilonian, Precainhian, Scotland; magnific- 
ation x 72: 15 PPL, 16 XPL. 

Feldspars are also shown in 54, 55, 58, 59, 64 and 65. 
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['errigennus clastic rocks 



17, 18, 19 




Rock fragments 



Rock fragmcnls, in particular melamorphic rock frag- 
mcnls. arc importanl conlribulors lo many delrital 
scdimcms. 

17 and 18 show a sediment with many rock fragments. 
The two fragments in the centre of the photograph above 
the large quartz grain are made up of fine-grained 
material which cannot be resolved at this magnification. 
They arc f ragments of shale or slate, and the characteristic 
platy shape is a result of derivation f rom a cleaved source 
rock containing abundant platy minerals. The sediment is 
very poorly-sorted, containingmany small rock frgments. 
quartz grains and at least one twinned feldspar (in the 
centre, near the top), as well as the large quartz grain, part 
of which is seen at the base of the photograph. 

I ragments of coarser-grained mctamorphic rocks arc 
often schistose. 19 and 20 show a fragment of muscovite- 
bearing quartz-rich rock. The mica flakes show a pre- 
ferential alignment resulting in a schistose texture. Such 
fragments arc sometimes classified as schistose quartz 
rathci than mctamorphic rock fragments. 

Sedimentary rock fragments, other than chert, arc 
relatively uncommon in terrigenous sedimentary rocks 
because they usually break down fairly easily into their 
component grains. 21 and 22 show a large sandstone 
fragment. Note that although the component particles 
arc alt quartz, they arc clearly distinguishable even with 
PPL. This contrasts with the composite quartz grain 
shown in 3 and 4, where individual crystals arc not visible 
in PPL. The photograph taken with XPL shows that the 
individual quartz grains are separated by a cement with 
bright interference colours. This is likely to be clay. 
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20 . 21,22 



Terri no us clastic rocks 



Rock fragments 

(continued) 



17 and IS: Caban Conglomerate, Silurian. Rltayader, 
Wales: magnification x 27: 17 PPL, 18 XPL. 

19 and 20: Caban Cong lutm rate, Silurian, Rhayader, 
Wales; magnificati on x 28: 19 PPL, 20 XPL, 

21 and 22: Arenig Conglnmeiate. Rlmneigr, Anglesey, 
Wales: magnificati on x 16: 21 PPL, 22 XPL. 
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Terrigenous cliislic rucks 



23, 24, 25 




Rock fragments 

(continued) 



The variety ol’ igneous rock fragments found in sediments 
IS as great as the variety of igneous rocks themselves and 
lack of space prevents the inclusion of more than a few 
examples. Reference to iUe Atlas of igne 0 us rocks and their 
tL'.\ tun\s may assist in the identification of fragments. The 
ferro-magnesian minerals which are common in basic 
igneous rocks arc relatively unstable in earth surface 
conditions and often show alteration, making identifica- 
tion of fragments difficult. 

23 and 24 show a volcanic rock fragment in the centre 
of the held of view. It consists of plagioclasc laths set in an 
altered groundmass which is loo fine-grained for its 
consiiiucnls to be identified at the magnification shown. 
A second rock fragment to the right of centre is composed 
of quartz crystals set in a bircfringenl matrix probably of 
clay minerals. The sediment also contains separate feld- 
spar grains, some of w hich arc muUiple-lw inned plagio- 
clasc, and both monocryslalline and polycryslalline 
quartz. The matrix of the whole rock contains birefring- 
eni clay or miea minerals 

25 and 26 show two diiTercni igneous rock fragments. 
l o the left and above the centre of the field of view is a 
fine-grained, probably volcanic, basic rock, It consists of 
microphcnocrysts of plagioclase feldspar set in a ground- 
mass of feldspar, very small pyroxene crystals and 
opaques. Pale green chlorite occurs, possibly hlling 
original vesicles. Thi.s chlorite is black in the XPL view 
owing to ils very low birefringence. The lower part oflhe 
field of view is mostly occupied by a coarse-grained 
plulonic rock fragment consisting mainly of plagioclasc 
feldspar and pyroxene. The simple-tw inned feldspars may 
be alkali feldspar, although in this case no difference in 
refractive index between them and the muliiple-M inned 
plagioclasc feldspars could be detected. This illustrates 
the difiiculty m precise identification of igneous rock 
fragments. In addition to smaller rock fragments the 
sediment contains subangular quartz grains and on the 
right hand edge a single crystal of a fcrro-magncsian 
mineral, probably amphibole, showing an orange inlcr- 
ferenee colour in the XPL view. The relatively fresh 
Igneous rock fragments and ferro-inagnesian mineral 
grains suggest that this sediment underwent little trans- 
port after crosum I’rom source rocks. 

Chert fragments arc quite common in sedimentary 
rocks, since chert is stable and resistant to weathering. 
Plates 27 and 28 show a thin section of a conglomerate in 
which the large rounded fragments arc chert. The view 



12 







26, 27, 28 



Terrigenous claslic roeks 



Rock fragments 

(continued) 





















lakun with crossed polars shows ihul ihe fragmcnls arc 
made up of very fine-grained quart/ (micro-quarlz, p. 82). 
Small fragmems of chen can be ditlicull lo distinguish 
Irom line-grained acid volcanie rocks although the latter 
may shovs porphyritic textures. In the sample illustrated 
the matrix contains subangular to subrounded quartz 
grains and small chert fragments set in an iron oxide-rich 
cement (brown in PPL). 







2.? mu! 24 GwsUahuim OV/V. OrdovivUnu Cio^wyn, Gu r- 
tWihL W 'afvs: ma^nificahifn x25. 23 PPL. 24 XPL. 

25 and 26: Ofcii ApP Congianuratv, Ordoucian, Ayrshire. 
San laud: t}}a^nifiiaiion x 11; 25 PPL. 26 XPl.. 

27 and 2H. Hertfordshire Puddin^siane , Tertiary, Chi! tern 
Hills. England: nniyjiifu aikm x 13, 27 PPL, 28 XPL. 
Other rock fragments are shown in 3. 4. 33. 34, 56-61, 66, 
67. 
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Terrigenous clastic rocks 



29,30 



Micas 




MiCits rarely form more lhan a few percenl of any 
terrigenous sediment, even though they may be con- 
spicuous in hand specimens. Muscovite is more common 
lhan biotitc since it is more resistant to weathering. The 
source is usually a granitic or schistose rock. 29 and 30 
show a typical micaceous sandstone. Note the parallel 
alignment of the muscovite flakes and the concentration 
at a particular level. This indicates the bedding. The thin 
section has been positioned to show the second-order 
interference colours of the muscovite. If the thin section 
was shown with the bedding horizontal, the muscovite 
flakes would be at extinction. 



29 (iniJ 30: Tiiesione.s, Silurian, LlungaiJo^. Dy/eil. Wufe,^: 
niaynijicaiinn x /6: 29 PPL. 30 XPL, 

Other miens are show n in 68 and 69. 
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Clay minerals 



Terrigenous clastic rocks 



Clay minerals form a significanl fraclion of sandstones 
and are the major conslituenls of argillaceous rocks. They 
may bedetrilal or authigenic. However, since they cannot 
be readily identified using an ordinary light microscope, 
but arc studied by use of the electron microscope and by 
X-ray diffraction, they are not considered in detail here. 

Clay minerals can be seen in plates 22-24, 45, 46, 
62-67. 
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Terrigenous clastic rocks 



31,32 



Chlorite 




The shed silicutc mineral, chlorite, is abundant in sedi* 
menlary rocks. U may occur as dctrilal flakes, usually 
derived from low-grade mctamorphic rocks, as an altcr- 
alion producl. especially of volcanic rock fragmenls or as 
an aulhigenic mineral tilling pore-spaces. Plales 31 and 32 
show a fine-grained sedimenlary rock in which many 
small fragmenls arc visible, but are less lhan I mm across 
at this magmticalion. The rock is ihcrcrorc a sillslone. 
The larger rounded grains which are colourless in PPL. 
and show slightly anomalous bluish-grey interference 
colours ill XPL, are chlorite. In this case chlorite has 
grown in the rock as a result of the breakdown of small 
rcK'k fragments and fine-grained maln'x during low-grade 
111 eta 111 or phi sill. 



.?/ and M Ordo\*ician, Llangrano^, Dyfed, Wales: 
x 72, 3/ PPL, 32 XPL. 

Chloi'iie is shown also in 8. 58 and 
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Glauconite 



33, 34, 35 



Terrigenous clastic rocks 




Glaiiconilc is a hydrous pouissiiim iron alumino-silicalc 
mineral which forms exclusively in marine environmenis. 
usually in fairly shallow waters, ll commonly occurs as 
rounded pellets which arc aggregates of many small 
crystals, 33 and 34 show a number of glauconite pellets in 
a coarse sandstone. The glauconite is easily identifiable in 
the photograph taken in plane-polarised light by its green 
or brownish- green colour. The grain in upper centre part 
of the Held of view incorporates a number of sill-sized 
quartz grains. Glauconite has moderate birefringence, 
but as the picture taken with crossed polars shows, 
interference colours arc masked by the natural colour of 
the mineral. The remainder of the sediment consists of 
monocrystallinc quartz grains and in the lower right 
portion of the field of view, a sedimentary rock fragment. 
The cement, which is showing high order interference 
colours, is calcitc. 

35 shows a sandstone rich in glauconite and containing 
subrounded quartz grains (low relief) and carbonate 
grains a]id cement (high rclicO. Note that many of the 
bright green glauconite pellets have brown margins. 
These are limonitc and result from the oxidatitn of the 
ferrous iron in glauconite. 



33 and 34: Lower Greensand. Lower Cretaceous, 

Folkestone, England: mattaification x 22: 33 PPL, 34 
XPL. 

35: l.ower C refaeeous, Co. Antrim. Northern Ireland; 
mattaificaiion x 22, PPL. 

Glam unite is shown also in 214 and 215. 
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Terrigenous clastic rocks 



36,37,38 






































El 







Sandstones - Matrix 
and cement 



On deposition, many sandstones contain little sediment 
matrix between the component grains. Some terrigenous 
mud may be deposited with the grains and those sedi- 
ments with more than 15% clay matrix are classified as 
greywackes (62-67). A few sandstones have a matrix of 
carbonate mud. 36 and 37 show a sediment containing 
large, rounded quartz grains together with smaller, 
subangular to subrounded grains in a fine-grained matrix 
having high relief. In the XPL photograph, high-order 
interference colours, characteristic ofcalcite. can be seen. 
This sample is a sandstone with a carbonate mud matrix, 
which was probably deposited at the same time as the 
grains, rather than being introduced later as a cement. 

Cementation is the principal process leading to poros- 
ity reduction in sandstones, the most common cements 
being quartz, calcite and clay minerals. Clay mineral 
coatings on component grain surfaces arc important in 
the diagenesis of sediments, in that they may inhibit the 
growth of pore-filling quartz or calcite cements. Such 
textures require the use of the electron microscope for 
detailed study. 

38 and 39 show a highly porous sandstone with 
rounded quartz grains. The speckled areas which appear 
black in the XPL photograph are pores filled with the 
mounting medium. Although comprising a loose fabric of 
grains, the sandstone is well-cemented by secondary 
(authigenic) quartz in the form of overgrowths on the 
detrital grains. The surfaces of the original grains arc 
picked out by a thin red-brown rim of iron oxide. Since 
both the overgrowth and the detrital cores of each grain 
show uniform interference colours, it is clear that the 
overgrowths grew in optical continuity with the grains on 
which they nucleated. Note that where overgrowths are 
well-developed, the overall shape of the grains has 
changed from rounded to subhedraL A good example of 
cuhedral crystal terminations can be seen near the top of 
the photograph on the right-hand side. 

Calcilc cements in sandstones arc usually fairly coarse- 
grained (sparite p. 34), Occasionally they are so coarse 
that one cement crystal envelopes many detrital grains, 
resulting in a poikilitU texture, 40 and 41 show a 
sandstone in which the detrital grains arc subangular to 
subrounded quartz. The cement is calcite of such a grain 
size that there arc only a few crystals in the f eld of view 
shown. Individual cement crystals can be distinguished in 
the XPL photograph by their slightly differcnl inter- 
ference colours (high-order grey and pink). 
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39, 40, 41 



Terrigenous clastic rocks 



Sandstones - Matrix 
and cement 

(continued) 



36 and 37^ hcaliiy and age unkfum n; magnification x 16: 
36PPL,37XPL. 

3S and 39: Penrith Sandstone. Permian. Penrith. Cumbria, 
England: magnification x 27; 3S PPL. 39 X PL. 

40 and 41: Middle JurMSsic, Bearreraig Bay, Isle oj Skye, 
Sctftland: magnification x 20; 40 PPL, 41 XPL. 
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Terrigenous clastic rocks 



42,43,44 




Cements 

(continued ) 



42 shows a high magnification view of a fine sandstone 
which contains both quartz and calcite cements. The 
quartz cement is in the form of overgrowths on dctrital 
grains. Evidence for this is the euhedral terminations seen 
on some grains (good examples can be seen just above the 
centre of the photograph). Unlike the quartz in the 
sample in 38 and 39, the shape of the original detrital 
particles is not visible where overgrowths are present, 
Calcite cement postdates the quartz overgrowths and 
infills pores. The thin section has been stained with 
Alizarin RedS and potassium ferricyanide (see p. 34) and 
the calcite is a very pale mauve colour because it contains 
some iron. 

43 and 44 show a fine sandstone which is cemented by 
gypsum. Gypsum has approximately the same birefrin- 
gcnccas quartz and so it does not show up well in the XPL 
photograph. In the PPL view, the higher relief of the 
gypsum and its cleavage help to distinguish it from 
quartz. Some of the gypsum cement crystals enclose 
several detrital grains. One showing pale grey interference 
colours in the XPL view occupies the upper left part oft he 
photograph, 



42: yurassfc, Vorks/i/re, England: magniJiC' 

adon X 72, PPL. 

43 and 44: Cretaceous, Tuni sia; magnification x 24; 43 
PPL, 44 XPL. 
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45,46 



Terrigenous clastic rocks 



Cements 

(continued) 



45 and 46 show a quartz sandslonc al high magnincalion. 
Notcthcmica J1akc in iheccnlrc oTlhcpholograph. In ihc 
field of view shown many ol'lhe intergranular pores are 
unfilled (e.g, lower lef t) and arc thus black in the XPL 
view. However, ihe quarlz grains and mica flake in ihc 
ccnlrc’or the view arc surroujidcd by numerous small 
crystals with low relief and showing first order grey 
interference colours. These are clay minerals in the form 
of a cemenL Usually an electron microscope is needed to 
demonstrate the shapes of clay mineral crystals and 
techniques such as X-ray diflVaction to determine the 
exact identity of the minerals. In the example shown, the 
crystals are largeenough for the typical low birefringence 
of kaolinite to be seen, together with the 'book' texture 
which develops as a result of the characteristic form of a 
series of stacked platy crystals. This is best seen im- 
mediately above and to the right of the mica flake. 



45 and 46 Loivir Carboniferous. Fifes hi re, Scoduml: 
magnification x 90: 45 PPL, 46 XPL. 
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Terrigenous clastic rocks 



47, 48, 49 




Compaction - Pressure- 
solution 



Sandstones which are nol cemented early i n diagenesis 
usually show signs of compaction. Since most of the 
grains in sandstone are rigid, there is usually little 
evidence for grain fracture and breakage (cf. limestone 
compaction, p. 58), Thus, apart from grain repacking 
during early compaction, the most important process of 
compaction is pressure-solution. This is the process 
whereby a sediment under load is subject to selective 
solution. 

47 shows a sandstone with high intergranular porosity 
(the pores, now filled with the mounting medium, are the 
grey areas). Most of the quartz grains are coated with a 
thin brown rim of hematite cement. At many of the 
contacts between grains, one quartz grain has undergone 
solution leading to the penetration of one grain by 
another (concavo-convex contacts). Good examples can 
be seen in the upper left part of the photograph. This is the 
first stage of pressure-solution. 

Where pressure-solution is more intense, the contacts 
between grains become sutured. 48 and 49 show a 
sandstone in which grain contacts are irregular and wavy 
because of pressure-solution. Silica dissolved during the 
process may be precipitated as cement away from grain 
contacts, leading to the destruction (occlusion) of poros- 
ity, As can be seen, the result is a texture in which the 
original grain boundaries can no longer be identified. The 
sample illustrated is particularly unusual in that a thin 
zone ofelay or mica separates the sutured quartz grains. It 
has a higher relief than the quartz and is clearly visible in 
the photograph taken with PPL. This thin zone of 
material together with the sutured contacts enables the 
quaru grains to move slightly relative to their neighbours. 
This property imparts flexibility to the sandstone, demon- 
strable in hand specimens. Sandstones of this type are 
known as ffexihle sandstones or itmcolumites and are 
extremely rare. 



47: New Red Sandstone, Triassic, Cheshire, England: 
fuagnij ieation x43, PPL 

4tH and 49: Itaeoiumite, Brazil: magnification ^ 3 1 : 48 
PPL 49 XPL 
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Grain solution and 
replacement 



50, 51, 52 



Terrigenous clastic rocks 



50 shows a porous sandstone. In this example the 
mounting medium has been impregnated with a dye so 
that the pores appear mauve-coloured. Note that the 
margins of some of the quartz grains arc embayed. This 
has occurred as a result of corrosion of the quartz during 
diagenesis and has led to enhancement of the porosity. 
The common porosity types in sediments are illustrated in 
Fig. F (sec p. 65) and in 151-160, with examples from 
limestones. Many of the terms are equally applicable to 
s^^ndstones. 

51 and 52 show a sandstone cemented by a few large 
caldte crystals. Note the typical high-order interference 
colours displayed by the calcite, seen in the XPL photo- 
graph. The detrital grains, including both monocry- 
stallinc and polycrystalline quartz, arc coated with a thin 
brown rim of iron oxide. The texture of the rock is 
unusual, in that it is apparently not grain-supported, 
beingabout 30% quartz grains and 70% calcite. Replace- 
ment of original detrital grains by calcite is partly 
responsible for this appearance, areas of calcite outlined 
by iron oxide being interpreted as the original grains A 
good example can be seen in the centre. 



50: Saldvick Formal ion. MUkUe Jurassic. Eskdale. 
Yorkshire, England: magnification x 132. PPL. 

5! und52: New Red Sandstone, Tria.ssic, Brixhum, Devon. 
Enfikind; magnification x43; SI PPL, 52 XPL. 
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Terrigennus clilstic rucks 



Sandstone classitication 

Modern sandsloneclassificalions require Iheeslimalion oflhe propor- 
lions of Ihe principal grain lypes and ihus Ihin section sludy is 
required. 

Of Ihe difl erenl sandslone classificalions proposed, we present a 
widely-used example, that of Kolk ( 1974), Figure B shows the 
classilkalion of those rocks containing less than 15% fine-grained 
matrix in terms of the three principal components: quartz, feldspar 
(plus granite and gneiss fragments) and other rock fragments. Those 
sandstones containing more than 15% fine-grained matrix are the 
grey wackes, and are subdivided according to Fig. C. We refer readers 
to Pellijohn ( 1975) for details of other sandstone classificalions and for 
the classification of conglomerates and mudrocks, where studies using 
the petrographic microscope arc less important. 



{All quartz, but notchert) 




+ gneiss fragments) rock fragments) 



Sedimentary RF 

^Sedarenite 



Volcanic 

arenite 




Volcanic 

RF 



Phyllerenite 

Metamorphic 

RF 



B Classifivatiou of saiuisiofws. The upper triangle show s a 
samisiitne classificdtion for sediments w ith less than 15% fine-grained 
matrix, Classificati(m t,fJV(d\es the removal of matrix, cement, micas 
ere. and recalculation of components' to 100%. The Oncer triangle 
shows how litharenites may he further classified. (From Folk. 1974} 



Feldspathic 
greywacke ' 



Feldspar 



Quartz 

950^0 A- — -^Quartzwacke 
Lithic 

greywacke 



Rock fragments 




Fift. C Chissificati(tn ofsandsrone with nun c than 15% fine-drained 
matrix ( dyexwackes} 



ScdimciU maturity 



There are two lypes of sediment maturity - mineralogical and textural. 
Mi neralogically mature sediments are those containing a high propor- 
tion of the most chemically stable and most physically resistant 
minerals such as quartz, chert and ullraslable heavy minerals, such as 
zircon and tourmaline. Mineralogically immature sediments contain 
the less stable grains, such as feldspars, and those rock fragments not 
consisting principally of quartz. 

The textural maturity of a sediment depends on the content of fine- 
grained material, the sorting and the roundness of the grains. A scale 
of textural maturity proposed by Folk (1951) is presented below. 



Imnidlur^ 
Submuturu stage 
IVlalure stage — 
Supermuturu stage 



Sediment contains > 5% clay matrix. Grains 

poorly-sorted and nol well-rounded, 

sediment contains < 5Vw clay matrix. Grains 

poorly-sorted and nol well-rounded. 

sedijncnl contains little or no clay, Grains well- 

sorted, but nol well-rounded. 

sediment contains no clay. Grains well-sorted and 

well-rounded. 



Diagrams illustrating visual estimation of sorting sediments using thin 
sections are shown in Fig. D. 




Very well-sorted 



Well-sorted 




Moderately-sorted 




Poorly-sorted 



Fid. D S(trfing thin secti(tns (after Pe{tiJ(thn et al., 1975) 
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53,54,55 



ferrigennus elastic rucks 



I 



t 



Quartz arenite, 
arkose 



53 sliows a sandstone whioh (.x)nsisls almost entirely of 
quarlz and is thus classiJied as a quarlz arenile. Such 
sandstones were called quartzites in older classilications. 
although It is perhaps better to restriet the term quartzite 
tometamorphic rocks. Since they contain more than 95% 
quartz, quartz arenties are always mineralogically 
mature. The example shown is texturally submature to 
mature, lacking clay and being reasonably welUsortcd, 
Rounding of the grains is difficult to assess because the 
effects of compaction and cementation have obscured the 
shape of the original grains. 

54 and 55 show a sediment in which more than 50% of 
the grams arc feldspar, easily identifiable in PPL by the 
brown colour resulting from their alteration (see p, 7) 
and in crossed polars by the remnants of multiple 
twinning in many grains. Most of the other grains in the 
sediment arc clear quart/, so the sample is an arkose, A 
sediment with such a high proportion of relatively 
unstable feldspar grains is mincralogically immature. The 
matrix contains abundant opaque iron oxide. 




53: Millstone Grit, Upper Cavhonif crons. Craig'V' Dinas, 
South Wales: tttaypiijieation x 27, XPL. 

54 and 55: !'orridonian, l^reeatnhriun, Seoilaml; tnaynific- 
(itian X 20:54 PPL, 55 XPL. 
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Terrigenuus clastic rucks 



56, 57, 5H 




Litharenites 



Lilharcnitcs are sandstones with less than 95% quartz 
and more rock fragments than feldspar. They may be 
classified according to whether the rock fragments arc 
predominantly sedimentary, volcanic or mctamorphic 
(Fig. B p. 24). 

56 and 57 show a sedarenite, in which the fragments are 
from carbonate rocks. The fine-grained fragment just 
above the centre is from dolomite rock. Examples of 
limestone fragments can be seen in the lower right-hand 
quadrant. The sediment also contains monocrystallinc 
quartz and cchinodeim plates. The latter are the speckled 
grains with uniform interference colours (see p. 44). In 
this example the echinodermsare reworked from an older 
limestone and are not fragments of fossils living at the 
time of final deposition of the sediment. Thus they arc 
classified as sedimentary rock fragments rather than as 
fossil material. 

58 and 59 show a mincralogically immature sediment 
consisting mainly of igneous rock fragments cemented by 
pale brown chlorite. The clear areas in the view taken with 
PPL show high-order interference colours under crossed 
polars and are carbonate. A variety of grain types is 
present and all show some signs of alteration. Many of the 
rock fragments contain partially-altered phenocrysts of 
plagioclase in a groundmass of plagioclase laths and 
another mineral too fine-grained to determine, but which 
may be chlorite. Individual plagioclase crystals arc also 
present and vary from euhedral laths to subhedral 
grains. The porphyritic texture of the igneous rocks 
suggests a volcanic source rock and thus the sediment is a 
volcanic arenite. Such an immature sediment would be 
very close to its source rock and it is, perhaps, a locally- 
reworked pyroclastic rock. 

60 and 61 shoxv a sediment which is more than 75% 
quartz. The remaining grains are rock fragments and 
hcncc the sediment may be classified as a sublitharenitc. 
The rock fragments arc of fine-grained sedimentary and 
metasedimentary rocks. 




f 
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59, 60, 61 



Terrigenous elastic rocks 



I 



i 

I 

1 



Litharenites 

(continued ) 

















56 and 57: Brockram. Permian, Appleby. Cumbria. 
England: magnification x 16: 56 PPL, 57 XPL. 

5B and 59: Ordovician. Buillh Wells, Powys. Wales: 
niagnification x 12: 58 PPL 59 XPL. 

60aful6/: Coal Measures. Lancashire. England: magnific- 
afum X 14:60 PPL. 6/ XPL 
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IVrrigenoiis clastic rocks 



62, 63, 64 




Greywackes 



Greywackes are those sandstones containing more than 
15% fine-grained matrix. Their classification is shown in 
Fig. C (see p. 24). 

62 and 63 show a typical greywacke, being poorly- 
sorted and containing abundant fine-grained matnx 
(almost opaque in the view taken with planc-polariscd 
light). The fragments are predominantly monocrystallinc 
and polycryslallinc quartz grains, but a small percentage 
of rock fragments (cloudy particles of fine-grained 
material) make this a lithic grcywacke, 

64 and 65 illustrate a sediment with about 15% matrix 
and containing quartz and abundant feldspar grains. 
Feldspars include plagioclasc with multiple twinning and 
perthitic alkali feldspar. The sediment is thus classified as 
a feldspathic greywackc. 

66 and 67 show a grcywacke in which quartz, feldspar 
and rock fragments arc visible. Quartz grains are clear in 
the PPL view, whereas the feldspars arc brownish owing 
to alteration. The XPL view shows that some feldspar 
grains arc multiple-twinned plagioclasc whereas others 
are microcline showing typical cross-hatch twinning (e.g. 
right ol'field of view; about halfway up). The grain in the 
centre of the field of view is an igneous rock fragment 
consisting of plagioclasc and amphibole. The amphibolc 
can be recognized by its green absorption colour and its 
two cleavages at I 20*". Smaller fine-grained rock frag- 
ments and individual ferro-magnesian mineral grains are 
also present. 



28 




65, 66, 67 



Terrigenous clastic rocks 



Greywackes 

(continued) 



62 and 63: Ash^illian, Dyfed, Wales: ni(tgn/ficati 0 nx 16: 
62 PPt.:63 XPL 

64 and 65: Loca/ify and agv nnktum n: magnification x 16: 
64 PPL, 65 X PL, 

66 and 67: Silurian, Pcchle, shire, Scotland: magnific- 
ation X 43: 66 PPL, 67 XPL. 
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Terrigenous clastic rocks 



68,69 



Siltstones 



1 




Sillsloncs arc those terrigenous scdimcnls in which the 
majority of the grains arc between Va 2 I 6 rnm in 
diameter (Table I. see p. 3), 68 and 69 show a coarse 
siltstonc (notice that the magnification is higher than that 
of most of the previous photographs) with abundant 
quarts grains and thin mica flakes. The micas include 
both muscovite (colourless) and biotitc (yellow or 
brown). Muscovite is more abundant and shows second- 
order interference colours, seen in XPL. The sediment is 
cemented by calcitc. showing high relief in PPL and high- 
order interference colours with polars crossed. 
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6tS and 69: to' ami iocaiifv unknou n; ma,^ni/icafion x 72: 
fuH PPL, 69 XPL, 



71,71 



Terrigenous clastic rocks 



Siltstones 

(continued) 



Many sillslones show small-scale sedimentary structures. 
70 shows a laminated siltstone, the laminae being defined 
by changes in grain size. The dark layers, seen near the 
base of the photograph, are composed almost entirely of 
clay-sized material, whereas the band just above the 
centre is composed of clear fine sand-sized quartz. The 
photograph also shows graded layers (below and above 
thccoarseband). Thclining-upwardsgradingis shown by 
a decrease in the clear quartz material and an increase in 
thcdark-colourcd clay. 

71 shows a siltstonc in which ripple cross-lamination 
can be seen, indicating a flow from right to left, as seen in 
the picture. The ripple structure is picked out by the 
alternation of dark clay-rich and pale clay-poor laminae. 



7$: Caul Mi'cLsurcs, Upper Carboniferous, Lancashire. 
Lnglami; tnagnificadon x 15, PPL. 

71: Ashgillian, Uangranog, Dyfeif. Wales; niagniftc- 
oiion X 9, PPL. 
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Part 2 



Carbonate rocks 



Carbonate rocks 



Introduction 



Unlike terrigenous sediments, carbonate roeks eomprise material 
formed mostly at or near the site ol’ final aeeumulation of the sediment. 
Mueh of the material is produeed by biologieal proeesses. Two 
earbonate minerals are eomrnon in older limestones - calciie. CaCO,, 
and dolonute, CaMg(COj 2 - reeenf s/ia/low marme earbonafe 
sediments the mineral aragonite, also CaCO^, is abundant. However, it 
is metastable under the normal eonditions prevailing in sediments and 
is usually dissolved once a limestone is exposed to eireulating meteorie 
waters. Alternatively it may invert direetly to ealeite. Dolomite is 
normally a seeondary mineral replaeing ealdum earbonate, although 
it may form in sediments very soon af'ter their deposition. Both ealeite 
and dolomite may eontain some ferrous iron, in whieh ease the prefix 
ferroan is used before the mineral name. 

The opiieal properties of ealeite and dolomite are similar and 
therefore they ean be ditfieult to distinguish optieally. Simple ehemieal 
staining teehniques are often employed by earbonate sedimentologists 
to distinguish ealeite from dolomite and to distinguish ferroan from 
nonTerroan minerals. 

The dye Ali::(irin HecLS is used to dilTerentiate ealeite and dolomite, 
v^hcrcd^pofcisssiunt fcrricvanicie is used to differentiate ferroan and non- 
ferroan minerals. The dyes are dissolved in a weak acid solution. This 
also helps to distinguish dolomite from ealeite, as dolomite does not 
react with cold dilute acid whereas ealeite docs, producing a contrast in 



Table 2. Etching andstaining characicristics of carbonate minerals 



.Mineral 


F.ffeci of 
etching 


Stain 

colour with 

Alizarin 

KedS 


Slain 1 

colour with 
potassium 
ferric) a nide 


Combined I 

result , 


Calciie tnon- 
fcrroiin) 


Consider- 
able (rehof 
reduced) 


INnk to 
red-bro>x n 


None 


Pink to red- 
brown 


Calcilc 


Consider- 


Pink to 


Pale to 


Mau\e to 


(ferroan) 


able (relief 
reduced) 


red-brim n 


dexp blue 
depending on 
iron content 


blue 


Dolomite 

(non-rerroan) 


Negligible 

(rehel‘ 

maiiuaincd) 


None 


None 


Colourless 


Dolomite 

(ferroan) 


Negligible 

(relief 

mainuiined) 


None 


Very 
pale blue 


Very 
pale blue 
(appears 
uir(.|uoise or 
greenish in 
'ihin scclioi^) 



relief between the two minerals. Results o) the etching and staining 
process arc shown in Table 2. Details of the procedure are given in 
Appendix 2. 

The intensity of the stain colour is partly related to the intensity of 
the efehing with acid. Fine-grained crysfaJ fabrics with many crystal 
boundaries etch more rapidly and thus show deeper stain colours than 
coarse crystal fabrics with few crystal boundaries. 

Stain colours arc particularly welMlIustrated in lOt, 124, 131. 161 
and 165. 

Other stains have been used to distinguish between aragonite and 
ealeite and to identify magnesian calcites: details are given in books on 
techniques in sedimentary petrology such as that of Carver(1471). 

Carbonate rocks may also be examined using acetate peels. These 
record an impression of an etched rock surface (which also may be 
stained) on a thin sheet of acetate film. Acetate peels have the 
advantage of being cheap and easy to make, but because they arc 
isotropic, minerals cannot be identified by optical properties, such as 
relief and birefringence, Details of the procedure for making acetate 
peels are given in Appendix .1. 

Components 

The three most important components of carbonate rocks arc 
allochemical components, microcrystalline ealeite, and sparry ealeite. 

1, Allochemical components or allochems, are organized aggregates 
of carbonate sediment which have formed within the basin of 
deposition, They include ooids, biodasts, peloids, intraclasts and 
oncoids and arc considered in detail in the following section (72 to 
120 ). 

2, Microcryslallinccalcitcor//nrmeiscarbonatescdimcnt in the form 
of grains less than 5;im in diameter. Much of it forms in the basin of 
deposition, cither as a precipitate from seawater or from the 
disintegration of the hard parts of organisms, such as green algae. 
The term 'carbonate mud* is also used for this fine sediment, 
although strictly mud includes material of clay- and silt-size (up to 
62/^m). Micritc is illustrated in 84, 89. II I and 157. 

3, Sparry ealeite. sparite or spar refers to crystals of 5 ^m or more in 
diameter. Much of it is coarse, with crystals commonly up to I mm 
in size. It is usually a pore-filling cement and thus may form in a 
rock a long time af'ter deposition of the original allochems and 
micritc. Sparite is illustrated in 73, 82, 124 and 131, 

The classification of limestones involves the identification of 
allochems and estimation ol’ the proportions of micritc and sparite (see 

p. 62), 
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Ooids 



72, 73, 74 



Carbonate rocks 



! 



i 

I 



Ooids or ooliths arc spherical or ellipsoidal grains, less 
than 2 mm in diameter having regular concentric laminae 
developed around a nucleus. Ancient ooids often show 
both the concentric laminae and a radial structure. It is 
not always certain whether the radial structure is primary, 
or formed during the inversion ofaragonite to calcite. 

72 shows ooids with well-developed radial and con- 
centric structures. The nuclei arc micritic carbonate 
grains. The sample shows a range of ooids. from those 
with a small nucleus and thick cortex (the oolitic coating), 
to those with a large nucleus and a single oolitic lamina. 
The latter are called superficial ooids. The matrix between 
theooids is a mixture of carbonate mud and sparry calcite 
cement. 

73 illustrates ooids with a rather poorly-preserved 
concentric structure. The structure may have been partly 
lost by micritization (p. 54). The speckled plates with thin 
micritecoatingsareechinoderms(anexamplecan be seen 
half way up the right-hand edge). The pink-stained 
cement is non-ferroan sparry calcite. The unstained 
grains with low relief are secondary (authigenic) quartz 
replacing calcite, 

74 shows ooids with relatively thin cortices coating 
detrital quartz nuclei. Note how the early ooid laminae fill 
in depressions on the surface of quartz grains and arc 
absent from angular corners. The cement is pink-stained 
non-ferroan sparry calcite. 



12: Stained thin section, Upper Jurassic, Cap Rhir, 
Morocco: magnification x3 J, RPL. 

73: Stained thin section. Hums Bay Oolite, Lower Carbo- 
niferous, South Wcdcs: magnification x 43, PPL. 

74: Stained thin section. Carboniferous Limestone, Llan- 
gollen, Clwyd. Wales: magnification x 27, PPL. 

Ooids can also be seen in 125, 127, 137, 146, 147 and 155. 
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75, 76, 77 



Peloids and 
Intraclasts 




A large proportion of Ihe allochems in limestones are 
grains composed partly or entirely of micritc, but having 
no concentric laminae in their outermost zones. Various 
terms have been used to classify these grains and most 
depend on an interpretation of their origin. 

Those grains composed of miente and lacking any 
recognizable internal structure are called peloids. 15 
shows a limestone in which the allochems arc mainly 
peloids. circular to elliptical in cross-section and averag- 
ing about OA mm in diameter. Such peloids arc generally 
interpreted as faecal in origin and are called pellets. The 
photograph shows pellets at the lower end of the size 
range for typical pellets, which extends up to 0.5 mm. 

76 shows larger, less regular peloids. some of which 
have a trace of internal structure although its nature can- 
not be identified. In the lower part of the photograph arc 
speckled cchinodcrm plates, and midway up the right 
hand edge arc segments of the dasycladaccan alga 
Konimkoponi (sec 113). Both cchinoderms and algae 
show signs of replacement by micrite around their 
margins (micritization, p. 54). It is probable that the 
peloids were formed by intense micritization of bioclasts, 
thus accounting for their vague relict structures. 

Ininulasts are sediment which was once incorporated 
on the sca-tloor of the basin of deposition and was later 
reworked to form new sediment grains. 77 shows a large 
grain which might be described as a ‘coated bioclast’. It 
comprises a nucleus, which is a fragment of a brachiopod 
shell, surrounded by a coating of microcrystalline calcite, 
The coating is not laminated, so the grain cannot be called 
an oncoid (see p. 38); it is external to the shell and has a 
sharp contact with it so the coating was not formed by 
micritization (sec p. 54). It is therefore likely that it is a 
fragment of locally-reworked sediment, the brachiopod 
shell having once been incorporated in a fine-grained 
sediment which was later eroded to produce intraclasts. 

75; Stamed thin section^ Upper Jurassic, Cap Rhir, 
Morocco: ma^ni fication x 33, PPL. 

76 Unstained thin section. IVoo Dale Lime.stone, Lower 
C arhoniPerous, Lon^ Dale, Derby. shire, England: magnific- 
ation x 21. PPl^. 

77: Stained thin section. Urswick Limestone, Lower 
C arhuni/erous. Trowharraw, Cumbria. England: magnific- 
at ion x 15, PPL. 

Peloids are al.so shown in 86, 123, 130, 134, 147, 158 and 
162. 
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Aggregate grains and 
lithoclasts 



78, 79, 80 



Carbonale rocks 



I 




78 and 79 show grains. These are made up of 

irregular aggregates of a small number of recognizable 
particles cemented together by micrite or fine sparitc. 78 
shows the bolryoidal form typical of these aggregates. 
The component particles include ooids (the grain right of 
centre) as well as pcioids and a few bioclasts. These 
aggregates arc similar to the grapestones of modern 
sedimentary environments, where particles become 
cemented on the sea-floor in areas of low sedimentation 
rate. The opaque material in the top centre is bitumen (sec 
161). 

79 shows large aggregate grains with a smooth, rather 
than botryoidal, external form. The micritic material 
binding the particles together completely envelopes them, 
and is more important volumetrically than the cementing 
material of the grains shown in 78. It is unlikely that the 
aggregation occurred by cementation on the sca-floor, 
but the particles arc probably reworked grains and thus 
could also be described as intraclasts. The matrix is 
micrite with a little sparitc and some bioclasts. 

Lithoclasts or extraclasts are eroded fragments of 
lithified sediment which have been transported and 
redeposited. 80 shows lithoclasts which are made up of 
ooids and bioclasts cemented by very pale pink-stained 
non-ferroan sparry calcitc. Note the truncation of both 
particles and cement at the lithoclast margins, indicating 
reworking of lithified sediment. The cquant sparitc ce- 
ment within the lithoclasts is typical of precipitation from 
meteoric waters (p. 55). so these f ragments arc of a 
limestone which was not cemented in either the original 
environment of deposition of the component particles in 
the lithoclasts, nor in the final environment of deposition 
of the clasts themselves. They arc. in fact, fragments of a 
Carboniferous Limestone reworked during the Jurassic. 
The final cement is lilac*staincd. coarse ferroan calcite. 



7H Unstained thin section, liee Low Limestone, Lower 
Carboniferous, Windy KnoU, Derbyshire. England: mag- 
nification X 27. PPL. 

79: Stained thin section, Ouanamane Formation, Middle 
Jurassic, Ail Chehrid, Western High Atlas, Morocco: 
magni fication x. 14, PPL. 

8§: Stained thin section, Sutton Stone, Lower Jurassic, 
Ogmore-hy-Sea, South Wales: magnification x 28. PPL. 
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Carbonate rocks 



81,82, 83 





The nomenclature of carbonate grains which are larger 
than 2 mm in diameter and have an outer layer with 
concentric laminae, depends to a certain extent on an 
interpretation of their origin. Thus the term pisoid or 
pisolith usually refers to grains presumed to have formed 
inorganically, usually in a subaerial environment. On the 
other hand, oncoids. or onco/irhs, are presumed to be 
biogenic, blue-green algae on the grain surfaces, trapping 
and binding line sediment particles. 

8 1 is a photograph of a polished rock surface showing 
oncoids. Note the size of the grains, the asymmetrical 
growth and the wavy nature of many of the laminae, all 
features characteristic of oncoids. The bluish-grey areas 
arc sparry calcite and the orange-brown areas are stained 
with iron oxides. 

82 and 83 show concentrically-laminated grains whose 
origins are more difficult to interpret. 82 shows grains 
which arc about 2 mm in diameter. The outer surfaces are 
not as smooth as most ooids, although the concentric 
lamination is very regular. Grains in the upper right show 
irregular outer coats of micrite and some particles have 
apparently grown together to form compound grains (e,g. 
lower lef t). This latter feature is unlikely to occur in ooids, 
where precipitated carbonate laminae are formed while 
the grain is held in suspension. These grains are therefore 
interpreted as oncoids. The cement is sparite. This 
photograph is of a thin section made by Sorby in 1849 and 
illustrates the high quality of his sections. 

83 shows grains with a regular, well-defined concentric 
layering, in grains up to 5 mm in diameter. This is typical 
of inorganic growth and these grains may be pisoids. 
Pisoids are commonly fractured or broken. Broken pieces 
can be seen towards the top right of the photograph. 



81. Polished surface, Llanelly Formation, Lon er Carbo- 
ni/erotfs, Blaen Onneu, South Wales: mofunification x 1.8. 
82: Unstained thin section. Wenlock Limestone, Silurian, 
Malvern Hills, England: ma^^nification x J 3, PPL. 

83: Stained th in sectiem, Low er Jurassic. Greece: magnific- 
ation X I /, PPL. 



Skeletal particles (Bioclasts) 



Introduction 

Skeletal particles, or bioclasls, are the remains, complete or frag- 
mented, of the hard parts of carbonate-secreting organisms* There is 
such a variety in the mineralogy, structure and shape of skeletal 
material that several books could be written on this subject alone. 

When trying to identify bioclasts, the following features should be 
considered: 

1. The overall shape and size of the particle. 

2. The internal wall structure of the particle. Many structures are 
more easily visible with polars crossed than in plane polarized light. 
It is important to distinguish those bioclasts which were originally 
calcitc and have well-preserved wall structures from those which 
were originally aragonite and have had their wall structure 
modified or replaced during the alteration to calcitc. 

In this section wc have attempted to show the diversity of skeletal 
structures present in ancient limestones, concentrating on examples 
from groups which arc particularly common or occur over a wide 
stratigraphic range. For more detailed descriptions and illustrations of 
skeletal particles readers are referred to Majewske (1969), Horowitz 
and Potter (1971), Bathurst ( 1 975) and Scholle ( 1 978). 



Carbonate rocks 



84 , 85,86 







Bioclasts 

Molluscs 



liivalvcs and gastropods are common components of 
limestones. Most were made of aragonite, so although 
there arc a diversity of structures, these arc not seen in 
ancient limestones. Most originally aragonitic molluscs 
arc preserved as casts that is the aragonite dissolved out 
during diagenesis leaving a mould which later became 
tilled with a sparite cement. There arc, however, import- 
ant molluscan groups which had a calcite shell, especially 
among the bivalves, and these have well-preserved wall 
structures. 

84 shows a limestone with abundant molluscan casts. 
In this case shell moulds have been infilled with a few large 
calciic crystals. Gastropods can be seen, both in long 
section dower right) and transverse section (lower left). 
The long straight shells arc bivalve fragments. Careful 
mspcclion shows that the long valves in the upper left 
ha\ca two-layer structure- a thick layer ofcoarse sparite 
and a thin layer with a difl'erent structure. This latter layer 
may have been calcite originally, indicating that the 
organism had a mixed aragonite/calcitc skeleton. The 
rock matrix is micritic sediment. 

85 shows a limestone made up almost entirely of 
roLindcd bivalve fragments preserved as casts. The shape 
of the fragments is shown by the thin micrite rims on the 
margins ol‘ the shells. These arc micrite envelopes and 
formed by micritization by endolithic algae (p. 54). The 
cement infilling the bivalves and between the shells is a 
line sparite, initially pink-stained non-ferroan calcite, but 
becoming ferroan towards the centres of pore-spaces as 
indicated by the bluish staining. 

86 illustrates a section through a large thick-shelled 
gastropod, again preserved as a cast. The outer margin of 
the shell is picked out by a thin calcite layer, not more 
than 0.5mm thick at this magnification, but the inner 
margin is only dear where sediment has partially filled the 
internal cavity. The sediment around the shell contains 
abundant small peloids. 



H4. Stained thin section. Eyam Limestone, Lower Carbo- 
niferous. Ricklow Quarry, Derbyshire, England: magnific- 
ation X /.?. PPL. 

(V5. Stained thin section. Upper .furas.sic, Dorset, England; 
may nifi cation X 14, PPL, 

Hb: Stained acetate peel, Martin Limestone, Lower Carbo- 
niferous, Mill am, Cumbria, England: magnification x 7, 

PPL. 
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Bioclasts 

Molluscs (continued) 



The photographs on this page illustrate bivalves which 
were entirely or partly calcite. 

The oysters arc one of the most important groups of 
calcitic bivalves. 87 shows two large pink-stained oyster 
fragments, each having a foliated internal structure. 
Fragments of oysters may be dilfficult to distinguish from 
brachiopods, although their thick shells with a rather 
irregular foliated structure arc characteristic. Note also 
how the left-hand end of the upper fragment is upturned 
and splitting. The rest of the sediment comprises broken- 
up bioelasts set in a blue-stained ferroan calcite cement. 
The white areas are holes in the section. 

Some bivalves have a thick prismatic layer, the prisms 
being elongated at right angles to the shell wall. 88 shows 
a fragment of the common Mesozoic bivalve f/ioceramns 
(right). The shell is sectioned more or less parallel to its 
length and hence the prisms arc seen in cross-section, 
individual prismatic crystals break away easily from the 
shell and in this example most of the sediment is 
composed of these crystals, seen in various sections. 

89 shows examples of thin bivalve shells known as 
filaments. These are the valves of planktonic bivalves and 
are common in Mesozoic pelagic limestones. The micritic 
sediment between the shells contains small circular areas 
ofsparite. These are probably calcite casts of the siliceous 
microfossils, radiolaria (p, 82). 



87 SntineJ thin section. Inferior Oolite. iXfUidle Jurassic, 
ievkl jump ton Hill. Gloucestershire, Hngioiui: nia^ni fic- 
ution X 8. ^PL. 

88 Staami thin section. Upper Cretaceous. Strati laircl. 
Skye. Scotland: tnagnification x 14. PPL. 

89 Stained thin section. Triassic, Greece: magnific- 
(itm X 16, PPL. 

Other molluscs a r e shown in 105, 124, 135, 136, 143, 153, 
l56 and 159. 
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90, 91, 92 





The arliculale brachiopods arc imporlanl consliluents of 
Palaeozoic and Mesozoic limeslones. They were origin- 
ally calcile and so Iheir shell structures are well-preserved. 
Typically, brachiopods have a thick inner layer of calcite 
fibres aligned with their length at a low angle to the 
shell wall. A thin outer prismatic layer may be preserved. 

90 shows a broken brachiopod of which parts of both 
valves arc present and surrounded by a micrite envelope 
ip. 54). The fibrous structure is clearly visible, as are 
line tubes at right angles to the shell wall, filled with blue- 
stained ferroan calcite cement. These are endopunctae and 
they characterize some groups of brachiopods. The 
sample also shows a good example of coarse, blue-stained 
ferroan calcite cement. 

91 shows two large fragments of pseudo punctate bra* 
chiopods. In these, the fibrous wall structure is inter- 
rupted, not by open tubes but by calcite rods. The left- 
hand fragment shows the pseudopunctae sectioned par- 
allel to their length. Note the wavy nature of the fibres 
adjacent to the pseudopunctae. The right-hand fragment 
is a section of a shell showing the pseudopunctae in cross- 
scction. 

92 illustrates a brachiopod fragment with its outer 
prismatic layer preserved. The foliated nature of the inner 
part of the wall is also well shown. The shape of the 
fragment suggests that it is part of a ribbed shell. It is also 
iiiip((nc((Uc\ lacking either endopunctae or pscudopunc- 
tae. These factors in an Upper Jurassic brachiopod 
indicate that it is part of a rhynchoncllid. The fine-grained 
calcite matrix contains abundant colourless fine sand- 
and silt-size quartz. 



90: Stained t(dn section. Inferior Oolite, Middle Jurassic, 
Leckhnmpton Hill, Gloucestershire. England: magnific- 
ation X 32. PPL. 

91: Stained thin section, Monsal Dale Limestone, Low er 
Carboniferous, Cressbrook Dale. Derbyshire. England: 
magnification x 16, PPL. 

92: Stained thin section. Upper Jurassic, .lehel Amsitten, 
Morocco: tnagnijication x 40, PPL. 
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Brachiopods (continued) 



93 shows a number of small impunclalc brachiopods with 
the large pedicle valve and smaller brachial valve 
complete. The roughly elliptical fragment in the lower 
centre is a section transverse to the length of the fibres 
making up the shell wall, and shows a characteristic fine 
net-like structure. 

Some spiriferoid and pentameroid brachiopod shells 
have an inner layer composed of calcite prisms aligned at 
right angles to the length of the shell. In this case the outer 
foliated and prismatic layers are much reduced in thick- 
ness. 94shows two large shell fragments with a thick inner 
prismatic layer. One is below the centre of the field of 
view, lying parallel to the bottom of the photograph, the 
other is near the left-hand edge. The sediment also 
contains brachiopod fragments with the more normal, 
foliated structure in a matrix of fine sparite, probably of 
neomorphic origin (see p. 60) containing grey-coloured 
crystals of replacement dolomite. 

Some pseudopunctate brachiopods possess hollow 
spines. 95 shows transverse sections through several 
spines. They have a structure similar to the brachiopod 
valve with a foliated inner layer and an occasionally 
preserved outer prismatic layer. The section through the 
large spine in the upper left of the picture shows part of 
the outer prismatic layer preserved. Note how the shape 
of the spine gives the foliated layer a concentric structure. 
A longitudinal section through a brachiopod spine can be 
seen in the upper left-hand corner of 94. 



93: Stained acetate peel. Eyam Limestone, Low er Carho- 
fiiferoits, Ricklow Quarry, Derbyshire. England; magnific- 
ationx20, FEL, 

94: Stained acetate pee! , Eyam Limestone. Low er Carbo- 
niferous, I leads tone Cutting. Derbyshire, England; magnif- 
ication X 27. PPL. 

95: Stained thin section, Eyam Limestone, Low er Carbo- 
niferous, Rick/ow^ Quarry, Derbyshire, England; magni fic- 
ation x 28. PPL. 

0iher brachiopods and brachiopod spines are show n in 77, 
103. 106. 120. 123 and 183. 
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Bioclasts 

Echinoderms 



Bchinodcrms. particularly echinoids and crinoids, are 
major conlribulors to the allochemical fraction of marine 
limestones. They arc easy lo identify because they break 
down into plates which, although they may exhibit a wide 
variety of shapes, arc single calcite crystals with uniform 
extinction. They usually have a speckled or dusty ap- 
pearance as the result of infilling of the fine pores which 
permeate the plates. 

f6 and f7 show a crinoidal limestone in which the 
sediment is 75% crinoids. Note the speckled appearance 
of the plates, most of which have uniform interference 
colours and arc thus single crystals, although the ossicle in 
the upper left composes two ciystals. one showing a 
greenish colour and one a red colour under crossed 
polars. The clear spar surrounding some of the crinoid 
fragments is a cement. The XPL photograph shows that 
the interference colour of this cement is the same as the 
adjacent crinoid fragment. Hence it is probable that the 
cement is in optical continuity with the crinoid. Such 
cements are common in cchinoderm-bearing sediments 
and arc called syntcKxial rim cements (p. 57), The remain- 
der ol' the sample comprises micritic sediment and 
fragments of fenestrate bryozoans (e.g. lower right hand 
corner), 

Fchinoid spines arc widespread, particularly in 
Mesozoic and Ccnozoic limestones. f8 shows one 
complete transverse section of a spine (lower right of 
licid), together with a smaller broken fragment. Echinoid 
spines are circular or elliptical in cross-scclion and show a 
variety of radial structures. Like other echinoderm frag- 
ments. they arc single crystals. 



96 atui 97: Stain ccl thin section, Eyam Limestone. Lower 
CarhnniferoiLS, Once-a-week Qnarry. Derhyshure. 
England: magnification x 13: 96 E PL, 97 XPL. 

9H; Stained thin section. Quaternary. Cap Rhir. Morocco: 
tnaynijication x 3L PPL. 

Echinoderm fra^nients are also shown in 73, 76, 78, 132, 
133, I3f. 148, 154, 178. mand\S4. 
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Corals 



I 



I 



I 



Corals arc best identified by their overall morphology. 
The rugose and tabulate Palaeozoic corals were calcite. 
thus their microstructures are well-preserved. The walls 
arc usually fibrous and small fragments which lack 
evidence oft he characteristic coral form can be difficult to 
identify. 

99 shows a transverse section and parts of two longi- 
tudinal sections of ihccolonial rugose coral Liflwstro/ion. 
Note the thick outer wall and septa seen in the transverse 
section. The columella and thin tabulae arc clearly visible 
in the longitudinal section. Parts o1 the coral walls have 
been silicilied (brownish colour). The pore-lilling material 
is mainly sparite cement with some micritic sediment 
between the corallites. 

100 shows a section through a tabulate coral. Note the 
corallitc walls and thin tabulae but absence of other 
internal structures. The infill is sparite cement, initially 
non-ferroan calcite (pink-stained), but finally ferroan 
(blue-stained). 

The Mesozoic and Ccnozoic scleractinian corals arc 
composed of aragonite and hence their microslriicUirc is 
not well-preserved in limestones. Sclcrnclinian corals are 
show'll in 126, 144 and 145. 



99: Stained thin section, Monsal Dale IJmestnne, Lower 
Carboniferous, Coombs Dale, Derbyshire, England: ma^- 
uifk ation x (6, PPL, 

fOO: Stained thin section, Torquay Limestone, Devonian. 
Brixltaw, Devon, England: magnification y, 16, PPL, 
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Bioclasts 

Bryozoans 




Bryozoans arc widespread in marine limestones and are 
particularly common in Palaeozoic reef complexes. Most 
bryozoans had calcile hard parts and a laminated wall 
structure is preserved. 

Among the most characteristic bryozoans are the 
frond-like fenestrate types, examples of which are seen in 
101. Note the thick wall oflaminated calcite surrounding 
cement-filled pores (zooccia). Most of the fragments are 
transverse sections but the large piece to the lower left of 
centre is a longitudinal section. 

102 is a transverse section of a stick-like bryozoan 
colony, showing the overall rounded shape of the ‘stem* 
and of the zooecia within. Some of these have been infilled 
with fine sediment (upper right of fragment) but most 
have a blue-stained, ferroan calcite cement inhlL 

In 103, the two circular, concentrically-laminated 
grains stained red-brown are brachiopod spines. These 
arc encrusted by a bryozoan. Note the thick calcite wall of 
the bryozoan and the pores of different sizes within the 
skeleton, filled with pink-stained non-ferroan calcite 
cement, Some fragments of fenestrate bryozoans can be 
seen along the left-hand side of the photograph, 



!0f Stained thin section, Eycmi Limestone. Lon er Carho- 
nUerous, Rieklow Quarry. Derbyshire. England: tnat^nific- 
ation X 16. PPL. 

W2: Stained thin section. Ouanamane Formation. Middle 
Jurassic. IVestern Hi^h Atlas, Morocco: tna^nific- 
ation X 27. PPL. 

W.L Stained thin section, Red Hill 0olife. EfliscaUs 
Quan'v. Dalion-in-Fio ness, Ctonbria. England: tna^nific- 
ationyi20. PPL. 

Other hrvozoans are show'n in 96, 97, 132, 133 and 178. 
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Bioclasts 

Arthropods 



Ostracods 

These photographs show examples of the arthropod 
microfossils, the oslracods, which are widespread parti- 
cularly in sediments deposited in brackish or hypersaline 
conditions. Ostracods have thin valves with a finely 
prismatic or granular microstructure. 

104 shows a group of complete two-vaivcd shells, some 
filled with sparite cement, some with micritic sediment 
and some with both. Note the overlap of valves seen in 
some sections - a characteristic feature of many 
ostracods. 

105 shows disarticulated ostracod valves (thin curved 
shells) associated with longer straight lengths of shell, 
which arc fragments of a calcitic non-marine bivalve. 

W4: Stained thin section. Red Hill Oolite, Lower Carbo- 
niferous, Etti scales Quarry, Dalton-in-Furness, Cumbria, 
England: magnification x 40, PPL. 

105: Unstained thin section. Upper Carboniferous, Cob- 
ridge Brickworks. Hanley. Staffordshire. England: mag- 
nification X 16, PPL. 

Oslracods are shown also m 1 17, 1 19 and 136. 



Trilobites 

Trilobite hard parts were originally calcite and a finely 
granular microstructure is preserved. Each crystal is in a 
similar but not identical orientation to its neighbours, 
leading to sweeping extinction when the sample is rotated 
with the polars crossed (not illustrated here). 

106 shows a cross-section of a trilobite (centre) and part 
ofa brachiopod shell (base). Note the hooked shape seen 
ai the left-hand end of the trilobite fragment, produced by 
incurving of the skeleton at its margin. A vein of blue- 
stained ferroan calcite follows the edge of the skeleton 
along part of its length. Note that the trilobite is stained 
mauve and hence consists of slightly ferroan calcite. This 
contrasts with the brachiopod fragment which is non- 
ferroan calcite. In some rocks it is thought that bioclasts 
originally comprising high magnesium calcite may be 
replaced by ferroan calcite. whereas those of low mag- 
nesium calcite remain unaffected. 



106: Stained thin section, IVcnlock Limestone, Silurian, 
England: magnification x2l , PPL. 
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Bioclasts 

Foraminifera 



l^oraminifera arc widespread in marine limestones. Most 
arc calcite but they show a variety of shapes and wall 
slriicliircs, A selection of examples showing some of the 
variation amongst the foraminifera, is shown here. 

The largest and perhaps the best-known foraminifera 
arc the nummuliles of the Lower Tertiary, examples of 
which arc shown in 107. Note the thick walls which have a 
radial fibrous structure, the fibres being aligned at right 
angles to the test wall. The matrix is mainly micrilic 
sediment with a little blue-stained ferroan calcite cement. 

108 shows discocyclinids, a type of foraminifer with 
many shall chambers. The matrix is micrile with many 
fragmented bioclasls. 

109 shows a foraminiferal limestone in which the 
organisms are micrile-walled miliolids. The cement is fine 
sparilc although unfilled pore-spaces remain {e.g. centre 
of field of view). Partly-filled moulds of bivalves can be 
seen outlined by thin micrile envelopes. These arc the 
elongate curved grains seen on the right-hand side of the 
photograph. 



107: SlaineJ ihin scclion, Eocene, San Salvador, Majorca; 
magnification x 15, PPL. 

108: Stained ihin section. Eocene, Greece: magnific- 
ation X 16, PPL. 

f09: Stained thin section, Upper Miocene. Cala Pi, 
.Majorca; magnification x 27, PPL. 
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Foraminifera (continued) 
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110 shows a number of species of micrile-walled forams 
(cndolhyracids). Note how ihe dilVerenl sections show 
different arrangements of chambers. Much of the sedi* 
ment comprises fragmented biodasls in a pink^stained. 
non-ferroan calcite matrix. 

Foraminifera are important contributors to pelagic 
sediments. Ill shows numerous pelagic foraminifera in 
an almost opaiiue micritic sediment. The large keeled 
forms are globorotalids, and smaller types include 
rounded globeriginids. 



I JO’ Siamed thin section. Woo Dale Limestone. Lower 
Carhonif erous, 0am Dale. Derbyshire, England: magnific- 
ation X PPL, 

III: Stained thin section. Upper Cretaceous, Pindos Zone. 
Ccntrai Greece: magnification x PPL. 

Other foraminifera are shown in 1 16, 120 and 157, 
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Bioclasts 

Algae 



Those algae in which all or pari of the skeleton becomes 
calcified arc known as ihe skeletal calcareous algae, They 
arc importanl contributors to carbonate sediments 
throughout the Phanerozoic and exhibit a wide diversily 
of forms. Green algae arc one of the most importanl 
groups and the photographs on this page illustrate three 
examples, one from each of the major groups, the 
Codiaceae, Dasycladaceae and Charophyceae. For dc^ 
tails of calcareous algae see Johnson (1^61), Wray (1977) 
and lTugel(1982). 

1 1 2 shows segments of one of Ihe common forms of 
codiacean alga, HctlimedcL which still occurs today. 
Living examples contain organic filaments embedded in 
aragonite. The example shown is from a poorly- 
consolidated Quaternary sediment which had to be 
impregnated with resin before a peel could be made. The 
grey areas between the algal segments and in the holes 
originally occupied by the filaments are the impregnating 
medium. In this sample the HmUtneda segments arc still 
aragonite, although the wall structure cannot beseenal 
this magnification. HalirneiUi fragments are often poorly- 
preserved because of the loss of microslructuredun’nglhe 
replacement of aragonite by calcile. 

113 shows two types of algae. The large fragment with 
the honeycomb structure and walls of fine-grained calcite 
is the common Carboniferous dasycladacean alga 
Konim koporu. Several algal segments of a difierenl type 
can be seen below the Knninck^pora. At the level of 
viewing here they have no discernible wall structure and 
there is a slight resemblance to echinoderm fragments, ]ji 
fact they have a fine fibrous wall structure and hencear^ 
not single crystals. They may show branching and an 
example of Y-branching can be seen in the lowcr-riglil 
part of the photograph. These belong to a probicmalic 
group, often referred to as ancestral coralline algae, btil 
sometimes classified with the foraminifera or slromato- 
poroids, 

The third group of green aigae arc the charophyies, 
although these are sometimes classified separately. They 1 1 
arc freshwater plants^ occurn ng in the Mesozoic and 
Cenozoic. and usually only the reproductive parts (oogo* 
nia) arc calcified. These are small egg-shaped bodies with 
various ornamenls. 114 shows three oogonia in cross.) 
section. 

112: Stained acetate peel, fiuiternary, Munihasa, Kenyti; 
magnification x 13, PPL. 

113: Stained thin section. Chee Tar Rock, Lower Carbo- 
niferous, Tnnstead Quarry, Derbyshire, England: magnif- 
ication X 17. PPL, 

114: Stained thin section, fggui el Behar Formation Upper 
Jurassic, Western High Atlas, Morocco: 
at ion X 56. PPL. 
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Bioclasts 

Algae (continued) 



Many algae possess a central stem encased with calcium 
carbonate, through which filaments pass to the outside. 
115 shows numeroussectionsof such an alga in a brown- 
stained micn'te matrix. Both longitudinal and transverse 
sections are present. The transverse sections are roughly 
circular or elliptical and the centres arc infilled with 
micrite sediment. Around the margins of the wall can be 
seen the holes formerly occupied by the filaments, now 
occupied by micrite sediment. Details ofthe wall structure 
have not been preserved so the alga was probably 
aragonite. The longitudinal sections show that the centre 
of the stem contains poorly-preserved casts of the algal 
filaments. 

The* red algae arc important skeletal calcareous algae, 
and one group, the coralline algae, are major con- 
tributors to sediments, including reefs, dunng the 
Cenozoic. 11 6 shows a fragment of a coralline alga, with 
its characteristic reticulate appearance caused by thin 
micrite walls separating small, more or less rectangular, 
cells. The spar-filled holes within the skeleton, called 
conccptacics, ate also characteristic. To the left of the 
coralline alga can be seen part of a nummulitid foramini- 
fera, with its thick radial-fibrous wall. 

The blue-green algae occur typically as long narrow 
filaments and only a few species become calcified. Girvan- 
elia, illustrated in 117 is widespread and occurs over a 
long stratigraphic range. It is made up of bundles of 
narrow tubes about a millimetre in diameter at this 
magnification, with a thin micrite wall. They can be seen 
inlongitudinalsection (e.g. upper part of the photograph) 
and transverse section(e.g. lower right). The remainder of 
the sediment comprises a few bioclasts (e.g. an ostracod, 
lower left) and a mixture of carbonate mud sediment and 
sparite cement, the latter being partly pink-stained, non- 
ferroan calcitc and partly bluish ferroan calcite. 



115: Stained thin section. Upper Cretaceous, Tunisia; 
tmgnification x 19, PPL. 

116: Stained thin section. Eocene, Greece: magnific- 
ation X 23. PPL, 

117: Stained thin section, Chatburn Limestone, Lower 
Carboniferous, Chatburn. Lancashire, England; magnific- 
ation X 37. PPL, 

Other algae are shown in 76, 128, 130 and 150. 



Carbonate rocks 



118,119, 120 




Bioclasts 

Calcispheres and Worm Tubes 



Wornn tubes 

Although rarely abundant, calcareous worm lubes arc 
widespread in shallow marine and freshwater limestones. 
118 shows a bioclastic limcslonc with a large fragment 
comprising numerous worm tubes, seen in cross-section, 
Most of the tubes are filled with micrite. The associated 
fauna include a bryozoan (lop centre), molluscan casls 
(top right), an echinoderm fragment (top right) and 
brachiopods (bottom)* The sediment is cemented by blue- 
stained ferroan calcite. 119 shows sections through the 
coiled calcareous worm tube Spirorixs, Sparry ealcitc 
cement fills the chambers and the surrounding sediment is 
micrite with a few thin-vaivcd ostracods (e.g. upper left). | 



118: Stainedthin section, inferior Oolite. Middle Jurassic, 
Leckhampton Hitt. Gloucestershire, England; magnifies 
ation X 13, PPE 

119: Unstained thin section, Ardwick Limestone, Upper 
Carboniferous, Manchester, England; magnijicationxl?, 
PPL, 

IVorm tabes are also shown in 214 and 215. 



Calcispheres 



Calcispheres are small hollow spherical bodies of calcilc, 
usually with a micritic wall. They arc particularly com- 
mon in Upper Palaeozoic limestones and may be ik 
calcified reproductive parts of dasycladacean algae. IjlO 
shows numerous calcispheres - the circular objects with 
deep, red-brown-stained walls - associated with micrite* 
walled endothyracid foraminifera and a foliated brachio- 
pod shell which extends right across the field of view* 




120: Stained acetate peel. Woo Dale Limestone, Lorn 
Carboniferous, Long Date, Derbyshire, England; \ 

ation x2 1, PPL. 
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I2L 122 



Carbonate rocks 




Non-skeletal algae 

Stromatolites 




Stromatolilcs arc laminated rocks interpreted as fos- 
silized algal mats. The mats are formed of lilamenlous 
blue-green algae. The laminae in stromatolites arc usually 
alternations of carbonate mud and grainy, often pelleted, 
sediment. The laminae are. at most, a few millimetres 
thick and arc often more easily seen in hand specimens 
than in thin sections. Laminoid fcncstrae (p. 68) arc often 
associated with stromatolites. 

121 is a photograph of a polished block sliowing a 
stromatolite. Note that the layering is irregular and partly 
picked out by colour difierences. The irregularity of the 
layering helps to dilfereniiate laminated sediments 
formed from algal mats from those formed by physical 
processes. The laminae in stromatolites may form flat or 
crinkly structurcsormaybuild up into columnsordomes. 
Concentric algal laminations about a nucleus give rise to 
the grains known as oncoids (p. 38), 

122 shows a thin section of the same specimen as that 
illustrated in 121. The laminations consist of alternating 
thin micritic layers and layers containing a mixture of 
micrite and sparitc. In some areas the micrite has a 
vaguely pelleted structure which is characteristic of 
stromatolites, The more irregular micrite areas may have 
been coating the algal Hlaments which then decayed, 
leaving a mould which was later lillcd with sparitc cement. 



121 and 122: Lower Carboniferous. Carriere de la Vallee 
Heureuse, liouUmnais. France; 121 hand specimen, mag- 
nification X l.H; 122 stained thin section, magnifi ca- 
tion X 12, PPl,. 
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Carbunate rocks 



123, 124, 125 




Non-skeletal algae 

Micritization 



In the shallow marine environment, some non-skeletal 
blue-green algae may bore into skeletal material. These 
are called endolitfiic alf^ae. The borings, around 10 /im in 
diameter, are filled with micrite after the death of the 
algae. If the process continues, the margin of a shell 
fragment may become completely replaced by micrite. 
The process is known as micritization and the replaced 
shell margin as a micrite envelope. 

123 shows micrite envelopes developed on brachiopod 
shells (the foliated structure) and echinoderm fragments 
(the speckled plates). Note the irregularity of the contact 
between the micrite envelope and the unaltered skeleton. 
This enables micrite envelopcsformcd by micritization by 
blue-green algae to be distinguished from micritic coat- 
ings around the exterior of skeletal fragments (77). i 
Repeated micritization may lead to the production of a i 
grain with no remaining recognizable structure. This 1 
would then be called a peloid (76). Skeletal algal frag- j 
ments arc often susceptible to this total micritization and 

it is possible that some of the micritic grains in 123, with 
their irregular shape and trace of internal structure, were 
formed by this process, 

124 shows the importance of micrite envelopes in 
preserving molluscan fragments during diagenesis. The 
original aragonite molluscan shell has been completely 
dissolved and the mould, outlined by a thin micrite 
envelope, was then filled by a sparry calcite cement. 
Although the sparite is mainly blue-stained ferroan 
calcite, there are thin zones of pink-stained non-ferroan 
calcite. This is clearly seen in the shell fragment to the left 
below the centre. 

Allochcms other than bioclasts may become micritiztd, 

125 shows a number of grains with varying degrees of 
preservation of radial and concentric ooid textures (p. 

35). It is possible that the texture was partially lost by 
micritization. although it might also have been lost during 
inversion of an original aragonite ooid to calcite (neomor- 
phism, p. 60). 

123: Unstained thin section, IV oo Dale Limestone, Lower 
Carhoniferoiis, Peak Forest, Derbyshire, England: ma^t^f- 
ivation x 25, PPL. 

124: Stained thin section. Inferior Oolite, Middle Jurassic, 
Leckliampton Hill, Gloucestershire. Enf^land: maf^nific- 
atian x 12. PPL. 

125: Stained thin section, Llandyfan Limestone, L(Mer 
Carbonif erous, Black .Mountains. South Wales: magnific- 
ation X 43, PPL. 
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126, 127 



Carbonate rucks 



Carbonate cements 





The morphology and mineralogy of the pore-filling 
cemenl crystals in a limestone can yield information 
about the environment of cementation. Cements pre- 
cipitated from marine pore-waters close to the sediment 
-water interface may be aragonite or high magnesium 
calcite. but in either case they may form small crystals 
with a high length-to-width ratio. The crystals arc aligned 
at right angles to the surface on which the cement 
nucleates. On curved surfaces this means that many 
marine cements display a radial -fibrous fabric. 

126 shows a section through a coral skeleton 
(brownish-stained, structure not clearly visible) in which 
the first generation of cement is acicular aragonite show- 
ing a radial-fibrous texture. Note the variation in the 
length of the crystals which gives a very irregular outer 
margin to this generation of cement. Such a cement, being 
aragonite, is not likely to be well-preserved in an ancient 
limestone. If it undergoes ncomorphism (p. 60), the 
overall radial-ftbrous fabric may be retained although 
detail will be lost. In the sample shown, there is a second 
generation of pink-stained fine sparitc infilling pores. This 
is typical of cement deposited from meteoric waters. 

127 shows a limestone in which there are also two 
cement generations. The first appears as a rim of crystals 
of equal thickness on all grains (about 2 mm in width in 
the photograph). Such cements are said to be isopachous. 
Thecement exhibits a radial-fibrous fabric although the 
length-to-width ratios of the crystals are not as great as 
thosein 120. It may originally have been aragonite, details 
ofthe texture having been lost during inversion to calcite. 
or It may have been a high magnesium calcite marine 
cement in which the crystals were elongate prisms rather 
than needles. The final pore fill is an equant sparite, blue- 
stained and thus ferroan calcite. This latter cement is 
characteristic of deposition from meteoric waters or from 
connate waters fairly deep in the subsurface. In order to 
incorporate ferrous iron into the calcite lattice to produce 
a ferroan calcite, reducing conditions must exist. If the 
pore-waters are oxidizing, any ferrous iron present is 
rapidly oxidized to ferric iron and precipitated as iron 
hydroxide. Reducing conditions are more hkcly to occur 
at depth than near the surface. Other coarse ferroan 
calcite eements are seen in 80. 87. 90 and 124, 

\26: StMined acetate peel. Quaternary, Mombasa. Kenya; 
muftnijivation x 70. PPL, 

127: Stained acetate peel. Ouonamane Formation. Middle 
Jwas.de, Western High Atlas, Morocco: ma^n{ftc- 
i\\m X 122, PPL. 
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Carbonate rocks 



in, 129, 130 




Carbonate cements 

(continued) 



An early phase of cemcntalion may occur in the vadosc 
zone (above the water table), where pores in the sedimeiU 
arc not completely waler-lilled. Water» and hence calcite 
cenienl» occur around grain contacts in the form of d 
meniscus. 

128 shows a sediment largely made up of segments of 
the codiacean alga Halimeda (112). The rock is highly 
porous, and although impregnated (the brownish-grey 
background material is the impregnating resin)» it has 
been difficult to take a peel and hence there are numerous 
air bubbles. The algal segments have been cemented by a 
small volume of pink-stained line calcite sparite at grain 
contacts. This is characteristic of cementation from 
meteoric waters in the vadose zone. Note the meniscus 
clFcct leading to the rounding of pore spaces, well seen to 
the left of centre of the photograph. 

Another feature which can occur in thevadosezone isa 
dripstone or mkrostalactitic cement. In this case water 
droplets and hence cements are concentrated on the 
undersurfaces of grains. 129 shows a sediment in which 
the first generation of cement occurs only on the lower 
surfaces of some grains. In the photograph it is very pale, 
brownish-coloured and never more than a millimetre 
thick, Vadose cements can form from marine pore waters 
in the intertidal and supratidal zones as well as from 
meteoric waters. In the former case the cement will have a 
radial-fibrous fabric. In the example here, the cement is 
too fine-grained for its fabric to be resolved at the 
magnification shown. A later generation of coarse sparite 
fills the pores. 

Cements, especially those deposited in a marine envir- 
onment, may be micrite. In ancient limestones where 
pore-spaces are completely filled, it is difficult to distingu- 
ish micrite cements, which have nucleated on grain 
surfaces and grown outwards to fill or partially fill pore- 
spaces. from carbonate mud sediment deposited with the 
grains. 130 illustrates a sediment comprising fragmentsof 
algae and micrite peloids having a matrix which is a 
mixture of mien'te (gr#enish-brown) and sparite (colour- 
less). The micrite coats some grains and forms ‘bridges’ 
between adjacent grains and it may therefore be a cement. 
However, it is possible that micrite sediment, deposited 
along with the grains, became partially lithified and was 
then subject to erosion by a through flow of water which 
removed unlithif.ed material. 

12 H: Stained acetate peel, Quaternary, Mombasa, Kenya, 
magnification x 9, PPL. 

129: Unstained thin section. Woo Dale Limestone, Lo\m 
Carboniferous. Long Dale, Derby. shire, England: magnific- 
ation X 22, PPL. 

ISO: Unstained thin section, Coal Measures, Upper Car bo- 
ni/erousr Metallic Tileries, Chesterton. Staffordshire, 
England: magnification x 20. PPL. 
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131, 132, 133 



Carbonate rocks 



Carbonate cements 

(continued) 



The characlcrislic lexlure of a cemcnl prccipilatcd in ihe 
mclcoric phreatic zone (below ihc walcr-table) is one in 
which ihc crystals increase in size from the margins of 
pores towards their centres. This is known as a dmsy 
mosaic and results from competitive growth of crystals 
away from the substrate on which they nucleate. The 
resulting fabric is one of more or less equidimensional 
crystals, sometimes known as *blocky' or ^equant' sparite. 

131 illustrates a drusy mosaic in which cement crystals 
show compositional zoning, the stain picking out changes 
in the amount of iron in the calcitc brought about by 
changes in composition of the circulating groundwaters. 
As explained on page 55, ferroan calcite cements are 
precipitated under reducing conditions. The zoning 
indicates the position of crystal faces during growth, and 
shows that the crystals were cuhedral at the time. 
;nlthough growth to completely fill the pore spaces has led 
to the final crystal shapes being anhedral. Crystal 
boundaries formed by crystals growing together in this 
way arc known as compromise boundaries. 

Where the component grains of a limestone are com- 
posed of a few large crystals, it is often possible to sec that 
cements have been precipitated in optical continuity with 
the grains on which they nucleate. These arc known as 
synt axial overgrowths or sytua.xial rim cements and are 
most easily seen on cchinodcrm fragments. 132 and 133 
show a sediment in which the cement iscomposed entirely 
ofsyntaxial overgrowths on crinoid plates. The crinoids 
can be identified by their speckled appearance whereas 
the cement is clear. The syntaxial nature of the cement is 
shown in PPL by the cleavage passing through both 
bioclast and cement. In XPL. the uniform extinction 
colour of both crinoid and overgrowth can be seen. 
Fragments of fenestrate bryozoans are abundant in the 
sample. 



I3i: Stained acetate peel, Woo Dale Umestone, Lower 
Carhonilerous. Wolfscote Dale. Staffonkhire. England; 
mignificatiori' y. 22, PPL. 

132 and 133 Stained (hi n section, Eyam Limestone. Lower 
Carboniferous. Once-a-week Quarry, Derbyshire, 
England: magnification x27. 132 PPL, 133 XPl., 
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Carbonate rocks 



134, 135, 136 




Compaction 




Apart from cementation, the major process leading to 
porosity reduction in sediments is compaction. Early 
stages of compaction in uncemented sediments involve 
the readjustment of loose grain fabrics to fit more lightly 
together, the fracture of delicate shells, the squashing of 
soft grains, and the dewatering of carbonate mud. 

134showsa peloidallimestonein which either the outer 
layers of the peloids, or a very thin early generation of 
cement, has flaked off during compaction. The micritic 
grains must have been rigid or compaction would have 
resulted in their deformation. Compaction was followed 
by the precipitation of a coarse spante cement which 
'healed' the fractures caused by the flaking off of the rinds 
of the grains. 

135 shows a cross-section of a gastropod preserved as a 
cast. The inner wall of the organism is marked by a micrite 
envelope and a thin generation of early cement (sec for 
example the chambers in the upper part of the photo- 
graph). The wall of the shell has been fractured and some 
fragments disoriented during compaction. Both micrite 
envelope and early cement are fractured and the fractures 
then healed by a coarse sparite cement. Thus after 
deposition, the mollusc was micritized and then cemented 
by a thin early generation of fine carbonate. Then the 
aragonite wall was dissolved and fracturing occurred, 
before the rock was finally cemented. The sample also 
shows a vein running from top left to bottom right of 
photograph and brown-coloured replacement dolomite 
crystals are scattered throughout the sediment 

136 illustrates a highly compacted bioclastic sediment, 
consisting of complete two-valved ostracods as well as 
single ostracod valves and long, thin bivalve fragments. 
Most fragments are aligned parallel to the bedding but 
some still show folding and fracturing (e.g. upper left). 
The complete ostracods have withstood considerable 
pressure but most eventually fractured. 



134: Stained acetate peel, Red Hill Oolite, Lower Carb- 
oniferous, Cumbria, England; magnification x 31, PPL 
13S: Unstained thin section. Woo Dale Limestone, Lower 
Carboniferous, Derbyshire, England; magnification x 14, 
PPL. 

136: Unstained thin section, Coal Measures. Upper Carb- 
oniferous, Cobridge Brickworks, Hanley, Stafford shire > 
England; magnification x 19, PPL. 



68 




Pressure-solution 
and deformation 



137, 138, 139 



Carbonate rocks 



Pressure-solution is the process whereby a sediment, 
because it is under load, is subject to selective dissolution. 
In limestones it is normally calcium carbonate that is 
dissolved and any less soluble material such as clay and 
quartz is concentrated along seams. 

137 illustrates a case of grain-to-grain pressure- 
solution. Before the pores of a rock arc lilled by cement, 
stress is concentrated at the points where the grains meet 
and part of one or both the grains dissolves. In the 
example, ooids have undergone solution. The later ce- 
ment is a mauve-stained, slightly ferroan sparite. Note the 
small rhombic areas of fine calcite spar (e.g. midway up, 
half-way between centre and left-hand edge). These are 
calcite pseudomorphs al'ter dolomite (dedolomite, p. 74). 

138 shows a limestone which has undergone pressure- 
solution to such an extent that most grain boundaries 
have been modified and the rock is pervaded by thin dark 
seams. Many of these have the fine saw-tooth appearance 
characteristic of stylolites. This type of pervasive 
pressure-solution is known as sutured-seam solution. 

139 shows a limestone which has been subjected to 
some stress. Speckled echinoderm plates arc recognizable, 
logelher with syntaxial overgrowths. Most of the calcite 
crystals arc twinned, a feature which may develop as a 
result of pressure, and the twin planes can be seen to be 
slightly bent. 



/J7. Stained thin section, Upper Jurassic, Cap Rhir, 
hiowcco: magnification x 52. PPL. 

Wi Stained acetate peel. Woo Dale Limestone, Low er 
Carboniferous, Long Dale, Derbyshire, England: magnfic- 
PPL 

/if S{air\ed thin section, Torquay Limestone. Devonian 
Hopes Nose. Devon, England: magnification x3I. PPL. 
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Carbonate rucks 



140, I4C 142 




Neomorphism 



Microspar, Pseudospar 



The term neomorphism refers lo all Iransformalions 
helwcen a mineral and the same mineral, or another of the 
same general composition. During diagenesis, aragonite 
components of limestone may be transformed to calcite 
without the development of significant porosity. There is 
usually an accompanying increase in grain size (aggrading 
neomorphism), (n particular the micritic material of 
limestones may be altered to coarser calcite. The terms 
microspar and pseudospar dvo, used for crystal mosaics of 
neomorphic origin having a mean size of between 4 and 
lO/^m and > lO/^m respectively. It is not always possible 
to dilTercntiatc between neomorphic fabrics and fine spar 
cements, or sediments composed of primary silt-sized 
particles. As a guide, neomorphic spar generally has 
irregular crystal boundaries and patchy grain size distri- 
bution. often with relicts ofmicrite and 'floating' skeletal 
grains, 

140 shows a limestone in which the matrix is fine 
pscudospar. It is cloudy and contrasts with the coarse 
clear mosaic replacing the wall and infilling the chamber 
of the mollusc on the right of the photograph. Its grain 
size varies patchily and it is thus likely to be neomorphic, 
having originally been a micritic sediment. 

141 shows a very fine-grained limestone (note magnific- 
ation) composed almost entirely of calcium carbonate 
grains of microspar size. There appear to be no micritic 
relicts and this fabric may be a primary one as a result of 
deposition of carbonate mud of fine silt-sized particles, 
rather than a product of neomorphism of micrite. 

142 illustrates a limestone with a few dolomite rhombs 
(dark-coloured) in a 'matrix' of pseudospar with patches 
of microspar and micrite. Note how crystal size and shape 
vary irregularly throughout the mosaic. This is character- 
istic of a neomorphic fabric. 



140 Stained thin section, Carboniferous Limestone. Llan- 
i^ollcn, North Wales: maf^nification x 43, PPL, 

I4f : Stained acetate peel, Slue Lias, Lower Jurassic. 
Lavernoi k Point, South Wales: mat^nification x 72, PPL, 
142: Stained acetate peel, Woo Dale Limestone, Lower 
Carboniferous, Woo Dale, Derbyshire, En ft I and: maftnific- 
otion X 43, PPL. 

A neomor phic fabric is also shown tn 161. 
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Carbonate rocks 
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Neomorphism 

Bioclasts 




Most aragonite bioclasls arc preserved as calcilc casts 
with no trace of the original microsliLieturc of the wall 
(see p. 40). Occasionally, however, aragonite bioclasts 
in\crt to calcitc in situ. This is a form of ncoinorphisin. 

143 illustrates parts of the shells of bivalves which have 
been subject to ncomorphism. The shells consist of a blue- 
stained ferroan calcitc sparry mosaic, but there arc lines 
of inclusions cutting across crystal boundaries and in- 
original foliated structure of the shell. Many 
cvN'Sials arc a^so brown-coloured because of their inclu- 
contenl. The sediment between the shells is muddy 
ahandiwt quart/ (unstained). 

144 and 145 show sections through a colonial sclcract- 
inian coral, originally composed of aragonite and now 
calcitc, 144 shows the coral at low magniftcation. The 
coral walls and septa arc inclusion-rich, non-ferroan 
calcitc of which the detailed fabric is unclear. Pore -space 
is filled with an inclusion-free sparitc cement, very pale 
mauve-stained and hence slightly ferroan, 145 shows the 
colony ut higher magnilication in a section w hieh has been 
ground slightly thinner than is usual, The coral walls 
comprise an irregular mosaic of crystals of varying grain 
si^es and shapes which is neither the original micro- 
structure nor adrusy mosaic, but a product ofncomorpli- 
ism. Note that some crystal boundaries cut across from 
pore-filling sparitc to coral septa and thus some crystals 
arc partly ncomorphic and partly cement. 



/4l Sunned ihin section. Weal den, Lower Cretaceous, 
mihern En^ihmd: magnification x 21, PPL 
U4 cind 145: Stained thin sections, If^Kui el Behar Forni- 
ulm, Upper Jura,\,sic. hnouzzer des ida-nu-Tanane, Wes- 
tiir/j Hi^h Atla.s, Morocco: magnifi cation 144 x 12: 145 
^41 PPL 
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Carbonate rocks 



Limestone Classification 

Two of the most popular limestone classifications are those of Folk 
(1959» 1962) and Dunham (1962). These arc summarized in Tables 3 
and 4 and Fig. E. 
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Table 4 Classification of limestones based on the 
scheme of Folk ( 1959, 1962) Rock names 
are in capital letters 



Over 1 micrite matrix 


Subequal 
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micrite 
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Fig. E The range in textures shown by carbonate rocks, illustrated using the rock names of the Folk classification (after Folk, 1959) 
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146, 147 



Carbonate rocks 



Limestone 

classification 

(continued) 



) 



146 illustrates a grainslonc. The rock is grain-supported 
with a spar cement. The sediment is loosely-packed, 
suggesting that cementation occurred before significant 
compaction. The allochcms arc a mixture of ooids (some 
are superficial ooids, sec p. 35) and bioclasls. It is 
therefore an oospariie according to Folk. Since the 
allochcms arc rounded it would be a rounded oosparitc, 
using Folk’s textural spectrum. 147 shows a packstonc. 
Thcrock shows two sizes of grains, having large and small 
pcioids. The former have a trace of oolitic structure in 
places and may be micritized ooids (p, 54). The latter arc 
probably faecal pellets. The sediment contains some 
ferroan calcitc cement but also much carbonate mud 
sediment in the matrix. It is nevertheless grain-supported 
and thus a packstonc. According to Folk’s classification it 
is a poorly-washed oospariie. 




146: Unstained thin section, Juyassii\ unknown locality, 
Enitlund: magnification x 23, PPL, 

147: Stained acetate peel. Inferior Oolite. Middle Jurassic , 
Cooper s Hill, Gloucestershire, England: magnific- 

atim X 13. PPL. 

Other grains tones are shown ( Folk classification in 
brackets) in 73 (oosparite), 74 (oosparite). 75 (sorted 
pelsparite),!! (unsorted intrasparite) . HI (unsorted bio- 
spurite) and 124 (unsorted biosparite). 

Other packstt)nes are shown in 72 (poorly-washed oos- 
parite). 79 (packed intramicrite) 96 ( poorly-washed 
hio.'iparite) and 115 ( packed biomU rite ) . 
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Carbonate rocks 



I4«, I4t, 150 




Limestone 

classification 

(continued) 



I4K shows a wackeslone. The grains arc bioclasts, mainly 
cchinodcrm plates with some bryozoans (c.g, lower left 
part). These grains arc supported by a matrix of car- 
bonate mud in which many small particles are visible at 
this magnilication. 

149 shows a mudstone, being a matrix-supported 
limestone with less than 10% allochems. In this case the 
allochems are microfossils foraminifera and calcitecasts 
of radiolaria, The sediment is cut by thin veins of pale 
blue-stained ferroan calcitc. This sample is -d fossil iferms 
micrite according to Folk’s classification. 

A boundstone is a limestone in which sediment is 
bound together by organisms, such as occurs in many 
reels. Textures arc often more clearly visible at hand- 
specimen scale. 150 shows a thin section of a reef 
limestone comprising growths of a number of problema- 
tic organisms (probably algae or foraminifera) which 
have encrusted one another while incorporating line- 
grained sediment into the rock framework. 




148: Stained acetate peel, Wenlock Limestone, Silurian 
Shropshire, England: magnification II, PEL. 

149: Stained thin section. Upper Cretaceous, Pindos Zone, 
Greece: magnification x 43, PPL. 

ISO: Stained thin section, Red HU! Oolite, Lower Carbon- 
iferous., Elliscales Quarry, DaltoH'in-Furneas, Cumbria, 
England: magnification x 12, PPL. 

Other wacke. stones are shown (Folk cla.ssificaiion in 
brackets), in 105 (biomicrite) and 156 (biomicrite). 
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Carbonate rocks 




Limestone Porosity 



Any description of a limestone should include an evaluation of the 
amount and type of porosity in the sediment. Porosity may be primary, 
having been present in the rock since deposition, or secondary, having 
developed as a result of diagenesis. A classification of porosity types is 
shown in Fig, F, The terminology of porosity types illustrated here 
with limestones, is also applicable to sandstones. 



Fabric selective 




Lsrj 










Interparticle Intraparticle Intercrystal 



Mouldic 



Fenestral 



Shelter 



Growth framework 



Not fabric selective 








o 



Fracture 



ChanneP 



Vug^ 



Cavern'^ 



^ Cavern applies to man-sized or larger pores of channel or vug shapes 



Fabric selectiveor not 




Breccia B#ring Burrow Shrinkage 



Fig. F Basic porosity types in sediments. Fores shaded black ( after Choquette and Fray, 1970} 
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Carbonate rocks 



151, 152, 153 




Limestone porosity 

(continued) 




151 and 152 show an oolilic/peloidal sediment in which 
much of Ihe deposilional space between grains is unfilled 
by sediment or cement. The rock is said to show primary 
intt'rgranular porosity. When deposited, such a sediment 
may have had as much as 50% pore-space. This has been 
reduced by compaction and by the introduction of some 
cement. Two types of cement are present - a fine spar, 
formingcoatings on most grains (about | mm thick at this 
magnification and best seen in XPL) and syntaxial 
overgrowths on echinoderms (lower left). Although loca- 
lized. the latter are volumetrically more significant. 

A common type of secondary porosity is mouldic 
porosity, usually formed by the dissolution of aragomte 
bioclasts. 153 shows a sediment having primary inter- 
granular and secondary mouldic porosity. Thin micrite 
envelopes have supported the shell moulds, although that 
supporting the fragment seen in the lower part of the 
photograph has partly collapsed. 

The bluish-grey interference colours seen in the inter- 
granular pores and the shell moulds of 152 and 153 are 
cuused by strain in the mounting medium. 




75/ and 152: Stained thin seciioth Portland Stone, Upper 
Jurassic, Dorset. England: magnification x 27, 15/ FPL: 
/52 XPL, 

753; Stained thin section. Portland Stone. Upper Jurassic, 
Dor.se t , England: magnification x 1 1 , XPL, 
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154, 155, 156 



Carbonate rocks 



Limestone porosity 

(continued) 




154 shows a limeslone composed mainly of cchinoderm 
fragments in a pink-slained. non-ferroan, calcile sparile 
cement. However, a number of grains comprising a small 
echinoderm fragment nucleus, surrounded by a zone of 
blue-stained ferroan calcile cement, are also present. This 
cement is interpreted as a late inlilling of pore-space 
formed by the dissolution of an aragonite coating to the 
echinoderm fragments. Such a coating is likely to have 
been oolitic and after solution the sediment would have 
exhibited oomouidic porosity. 

Porosity may develop as a result of the burrowing and 
boring activities of organisms, 155 Shows a section 
through a boring made by an organism in an oolitic 
sediment. Note that grains are truncated around the 
margins of the boring, indicating that the sediment was 
lithified when the organism was at work and hence the 
structure is a boring rather than a burrow. The boring is 
infilled with a ferroan calcite cement, some of which has 
been lost during the making of the section. 

Shelter porosity occurs below curved shell fragments 
which arc preserved in a convex-up position. 156 shows 
bivalve fragments in a carbonate mud sediment. Those 
preserved in a convex-up position, including the large 
fragment extending right across the field of view, have 
areas of sparite cement below them which was pre- 
cipitated during the infilling of shelter cavities. Sediment 
was unable to fill the cavities because of the 'umbrella' 
effect of the shell. 



154: Stained ac etate peel, Oolite Group, Lower Carbo- 
niferous, Maren Cilau, Llangartock , South Wales; magnij- 
ication x /5, PPL, 

155: Stained thin section, inferior Oolite. Middle Jurassic. 
Coopers Hill, Gloucestershire, England; magnific- 
oiion X ]6, PPL, 

156: Stained thin section, Low>er Carboniferous . Arbi gland, 
Dumfries. Scotland; magnification x 16, PPL 
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Carbonate rocks 



157, 158 



Limestone porosity 

(continued) 




Fenestme is the name used for pores in a carbonate 
sediment which are larger than grain-supported spaces. 
They usually become infilled with internal sediment or 
cement, or a combination of the two. Fcnestrac can be 
diff erent shapes and sizes depending on their mode of 
origin. 

157 shows spar-filled fenestrae in a micrite. Most arc 
irregular in shape and probably formed as a result of the 
entrapment of fluid in a sediment during desiccation, 
although the elongated fenestra in the centre may have 
been a burrow. Fenestrae o f this type are sometimes called 
binls-eye i,irui ture!^. The sediment contains a few micritc- 
wailcd foraminifera. Fenestral micrites were called dis- 
micrite by Folk (see Table 4). 

158 shows fenestrae in a fine pellet grainstone. They 
show a tendency to be elongate parallel to the bedding. 
Fenestrae of this type arc known as I ami noid fenestrae and 
may form from the decay of organic matter associated 
with algal stromatolites (p. 53). 




/57, Stained thin section, Lower Jurassic, Central High 
Atlas. Morocco: magnification y. 14, PPL. 

15 K: Stained acetate peel, IVaa Dale Limestone. Lower 
Carboniferous, Derbyshire. England; magnification x 7, 
PPL. 
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159, 160 



Carbonate r#cks 




Limestone porosity 

(continued) 






Pore^space in limestones may be filled with sediment as 
well as cement. Sediment partially infilling cavities, 
particularly in fossils or fenestrac, will indicate the 
horizontal plane at the time of its deposition. Such 
sediment infills arc known as geopetal infills. 159 shows 
geopctal sediment within a gastropod. #n deposition the 
gastropod would have had a primary porosity within its 
chambers (iniragrcinulcir porosity^. This was partially 
infilled by micritic sediment and the cavity finally filled by 
ferroan calcite cement. Inclusions within the shell wall of 
thegastropod and surrounding bioclasts suggest that they 
inverted to calcite during neomorphism (p. 61), rather 
than being cement-fiiled casts. 

Some porC“Spaces have hydrocarbons within them or 
have evidence that hydrocarbons have passed through. 
160 shows a limestone in which a few pores are filled with 
black hydrocarbon and others arc lined by a thin coating 
ofit. Examination of its relationship to the cement shows 
that the hydrocarbon entered the rock after an early 
generation ofisopachous cement (marine?) and before the 
(inal filling of coarse blocky cement (meteoric), 





!59: Stainedihin section, Pur heck Marble, Upper Jurassic. 
Dorset, England: magnification x 12, PPL. 

160: Unstained thin section, Bee Lo^v Limestone, Lower 
Carhoniferous. Windy Knoll, Derbyshire. England; mag- 
nification X 16, PPL. 
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Carbonati^ rocks 



Dolomitization 



Introduction 



Dolomite, CaMg(CO^) 2 . is a major component of limestones. It is 
usually secondary, replacing pre-existing carbonate minerals. Unlike 
calcite. it often occurs as euhedral rhomb-shaped crystals. However, 
since its optical properties are similar to those of calcite, it can be 
difficult to distinguish between the two. For this reason etching and 
staining of sections with Alizarin Red S is carried out (see p, 34). 

Dolomitic rocks arc classified according to iheir dolomite content as 
follows: 



0 to 10% dolomite 
10 to 50% dolomite 
50 to 90% dolomite 
90 to 100% dolomite 



limestone 

dolomitic limestone 
calcitic dolomite 
dolomite 



Since the tcrmdolomite is used for both themineraland thcrock, some 
workers prefer the term dolostone for the rock, although the term has 
not been universally accepted and is not employed here. 
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Dolomitization 

(continued) 



161 shows a dolomilic limeslone containing 20 to 3#% 
dolomite. The dolomite is unstained and occurs as 
cuhcdral rhomb-shaped crystals which contain inclu- 
sions, probably of calcite. and are thus cloudy. The 
unaltered limestone surrounding the dolomite is pink- 
stained, non-ferroan calcite and shows a patchy texture of 
micrite and sparite with few recognizable grains. This is a 
neomorphic fabric (p. 6#). 

162 shows a calcitic dolomite in which the original 
calcite matrix has been wholly replaced by dolomite 
(unstained) but the micritic allochems (pcioids) have 
resisted dolomitization and are only partly replaced 
(dolomite unstained, calcite red). Where replacement is 
incomplete, cuhcdral rhomb-shaped crystals are visible. 
Where replacement is complete, crystals have grown 
together and the euhedral shape is lost. 




/6/. Stained thin .section. IVoo Dale Limestone, Lower 
Carboniferous, Derbyshire, England: magnification x 20, 
PPL 

162: Stained thin section. Middle Jurassic. Jebel Am.sitten, 
Morocco: magnification x 14, PPL, 
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Carbonate rocks 



163, 164, 165 




Dolomitization 

(continued) 




163 shows a sediment in which the original limestone has 
been totally replaced by dolomite. The result is a mosaic 
of anhcdral crystals. Although the section was immersed 
in the staining solution, no stain at all is apparent, 
indicating the completeness of the replacement. 

l64showsa dolomite in which the crystals arc distinctly 
zoned. Although the crystal fabric is tightly interlocking, 
the rhombic shape of the dolomite crystals is clearly 
outlined by the zoning. The zoning may be partly caused 
by chemical difVcrcnccs in the dolomite but it is probably 
due mainly to varying amounts of foreign matter in- 
corporated in the growing crystals. 

The mineral dolomite may contain iron substituting for 
magnesium. When the iron content reaches 10 mole %. 
the term ankerite is used. 165 shows a ferroan dolomite 
approaching ankerite, in composition. The ferroan nature 
of the mineral is shown by the turquoise stain colour (sec 
p. 34). although the section was stained for a longer time 
than usual to enhance the colour, which is why the calcite 
present is red rather than pink-stained. The iron content 
of the dolomite is also shown by the dark brown margins 
to some crystals, where iron has been oxidized, producing 
limonite. 




163: Stained thin section, Pemnaen Burrow s Limestone, 
Low er Carhoniferous* Caswell Bay, South Wales: magnif- 
ication X 43, PPL, 

164 Unstained thin section, W<h> Dale Dolomite, Lower 
Carboniferous, Woo Dale, Derbyshire. Enf^land: niafinijic- 
ation X 56 , PPL, 

165: Stained thin section. W(H) Dale Dolomite, Lower 
Carboniferous, H'oo Dale, Derbyshire, England: ma^nife- 
atiou'x.3}, PPL, 
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166, 167, 168 



Carbuna(« rucks 



Dolomitization 

(continued ) 




166 shows a looscly-inlcrlocking network of cuhcdral 
dolomilc crystals (unstained) with the intercrystal spaces 
infilled by a coarse sparry calcitc cement (pink-stained). 

Sometimes dcpositional textures are preserved in a 
rock despite complete replacement of the original sedi- 
ment by dolomite. 167 shows a dolomite rock in which the 
matrix has been replaced by more finely crystalline 
dolomite than the allochcms (perhaps originally ooids). 
The result is a ghost’ texture. 

168 shows a highly porous dolomite rock, some of the 
pores having been filled with a slightly ferroan calcitc 
cement which is stained very pale mauve in thin section, 
but is too faint to reproduce well in the photograph. The 
dolomite is very fine-grained and the outlines of original 
allochcms have been preserved as a ghost texture. Poros- 
ity in sediment replaced by dolomite is known as inter- 
crystai porosity (Fig. F. see p. 65). 




166: Sfained thin section. IVoo Dale Dolomite. Lower 
C arboniferoiix Cnnninit Dale. Derbyshire, Enf^land; mag- 
f^ificationx 15, PPL. 

167: Stained thin section, Ouanamane Formation. Middle 
Jurassic. Ouadirn, Western High Atlas, Morocco: magnify 
kution X 23, PPl.. 

16H: Stained thin section, Magnesian Lime.st<tne, Permian, 
South York.shire, England: magnijjcafion x 3H, PPL. 
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Carbonate rocks 



169, 170 



Dedolomitization 




Dolomite may be replaced by calcile, usually by the action 
of oxidizing meteoric waters. This process of dedolomitiz^ 
ation yields rhomb-shaped crystals of calcite or rhomb- 
shaped areas which comprise a mosaic of replacement 
calcite (dedolomite). 

169 shows large rhomb-shaped areas which are now 
pink-stained calcite crystals. The morphology of these 
areas suggests that they were originally single dolomite 
crystals. Note that the ‘dedolomite* is full of brown 
inclusions of iron oxides. This is a common feature since 
dedolomitization often occurs in oxidizing conditions, 
where any ferrous iron in the precursor dolomite is 
oxidized to produce iron oxides rather than be in- 
corporated in the replacement calcite. A sparry calcite 
cement can be seen together with numerous hexagonal 
sections through an unstained mineral with low relief, 
which is authigenic quartz. Before dedolomitization this 
sediment would have been similar to the calcitic dolomite 
shown in 166. 

170 illustrates a dedolomite in which the former 
dolomite crystals have been replaced by a mosaic of small 
calcite crystals. Micritic calcite sediment occurs between 
the rhomb-shapc4 areas, 




169: Stained thin section, IVoo Dale iJmestonc. Lower 
Carboniferous, Cunning Dale, Derbyshire, England: mag 
ntfication x 27, PPL. 

170: Stained thin section, Upper Jurassic, Jebel Amsitten. 
Morocco: magnification x42, PPL, 

Dedolomite can al.so be seen in 137. 
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Other sedimentary r#cks 



Introduction 



In this section we include photographs of thin sections of ironstones, 
cvaporiles, cherts, phosphorites and carbonaceous rocks. Even taken 
together, these rock types form a very small proportion of the total 
sedimentary record. However these groups of rocks have always 
attracted petrographic study out of proportion to their abundance, 
partly because they include rocks of great economic importance and 
partly because they show unusual features which have attracted 
considerable interest. 
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Other sedimentary rocks : Ironstones 



171, 172 



Ironstones 



1 




Sciiimcniary rocks with more than 15% iron, which have 
usually been worked as ores, arc known as ironstones. 
Phancrozoic ironstones are usually local accumulations 
of fossilifcrous oolitic deposits and are called oolitic 
ironstones, whereas Precambrian ironstones are much 
more extensive in area and comprise bedded alternations 
of iron minerals and silica. The latter are known as banded 
iron formations. 

Ill and 172 show a Jurassic oolitic ironstone. The olive- 
green mineral making up most of the ooids and the initial 
cementing material is chgnwsite. Chamosite is an iron 
silicate with a structure similar to that of chlorite. It 
occurs as fine-grained aggregates and, as the lower 
photograph shows, it has a birefringence of nearly zero. 
The brown-stained areas within the grains having high 
birefringence arc siderite, iron carbonate, whereas the 
intergranular cement is calcite. 
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173, 174 



Other sedimentary rocks : Ironstones 



Ironstones 

(continued) 



Chamosilc readily oxidizes to limonile, sometimes on the 
sea-floor soon after deposition, but more commonly, 
much later after uplift and weathering, 173 shows an 
ironstone containing both partially-altered chamositc 
ooids, which are yellow to golden-brown in colour with 
darker limonitc zones, and totally-replaced grains of pure 
limonitc which arc almost opaque. The cement is calcitc. 
The sediment is fairly soft and some grains have been 
plucked out during the making of the section, leaving 
holes which appear colourless in the photograph. 

174 illustrates an ironstone in which ellipsoidal grains 
have been complclcly replaced by opaque limonitc. The 
sample contains a few rounded shell fragments (e g. left- 
hand side above centre) and scattered quartz grains, 
which although colourless and showing low relief, are 
sometimes surrounded by thin rims of dark limonitc 
(examples can be seen near the centre). The cement is 
calcitc. 




/7.f iVon/iampfon Sand Ironstone. Middle Jurassic. 
Norfliampton.vliire, England: ma^nifnadon x 37, PPL. 
174: Frodin^liam Ironstone. Lower Jurassic, Scunthorpe. 
E fit I and: nfci^ffificatio/f x 35, PPL. 
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Other sedimentary rocks : Ironstones 



175, 176, 177 




Ironstones 

(continued) 



175 illustrates the abundant marine fauna found in many 
oolitic ironstones. The speckled fragments are echinod- 
erm plates (a large example can be seen just below the 
centre). The concentric structure of the ooids is picked out 
by alternations of green chamosite and opaque iron 
oxides. The matrixcontains iron oxides and small quartz 
grains (colourless, low relief). 

Ooids in Phanerozoic ironstones are often squashed 
during compaction, suggesting that they were soft for 
some time after deposition. This contrasts with caica* 
reous ooids which are rigid grains and thus retain (heir 
shape. 176 and 177 show chamosite ooids which have 
been squashed and hooked as a result of compaction. 
Such grains are known as spastoliths. The very low 
birefringence of the chamosite, with dark grey inter- 
ference colours, is well seen in XPL. The matrix between 
the ooids contains dark, greenish-brown coloured 
chamosite mud and small roughly equidimensional 
crystals with high birefringence. In some places these can 
be seen to be rhombic in cross-section and are siderite 
(iron carbonate). Larger brown-stained siderite crystals 
can be seen replacing the margins of some of the ooids. 




US: Low'vr Jurassic, Skyt\ Scotland; magnification x 16, 
rPL. 

176 and 177 : Raasay Ironstone, Lower Jurassic, Raasay, 
Scotland; )}}agni ft call on X 43; 176 PPL, 177 X PL, 
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Other sedimentary rocks : Ironstones 



I 



1 
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Ironstones 

(continued) 




178 shows a limestone in which bioclasls have become 
impregnated by opaque iron oxide. The iron oxide has 
infilled the pores in crinoid fragments and partly replaced 
their skeletons, leading to the development of a distinctive 
reticulate structure. Bryozoans also have been impreg- 
nated by iron oxide and two examples can be seen just 
above and left of the centre of the photograph. 

179 shows a thin section of a Precambrian banded 
ironstone comprising alternations of dark, iron oxidc-rich 
layers and colourless chert layers. 180 is a higher magnif- 
ication view of part of the same section taken with crossed 
polars and showing the fine-grained quartz which makes 
up the chert layers. 




17 ft: Rhh^blna Iron Ore. l.o\vcr Carboniferous, South 
Wales: magnifiecition x 20^ PPL. 

179 and 180 Precambrian, Transvaal: 179 . magnific- 
ation X 9 . PPL: 18$. magnification x 32. XFL. 






Other sedimentary rocks : Cherts 



18C 182 



Cherts 



} 



1 




Cherts arc rocks composed of authigcnic silica usually in 
the form of finc-graincd quartz. Cherts may be primary, 
in which case most of the silica i s in the form of hard parts 
of siliceous organisms such as radiolaria, diatoms and 
some sponges. Much chert, however, is secondary, usu* 
ally replacing limestone. Scattered grains of authigenic 
replacement quartz, often hexagonal in cross-section, are 
not uncommon in limestones and are illustrated in 73 and 
169. 

Radiolaria are siliceous microfossils which accumulate 
in sediments of the deep ocean floor. 181 and 182 show a 
radiolarian chert with sphencal radiolaria skeletons and 
their long thin spines. The matrix contains fine-grained 
iron oxide, hence the red-brown colour. Radiolana are 
originally opaline silica, an isotropic form containing, 
water. This has been converted to finc-quarlz (micro- 
quartz) showing low first-order interference colours in 
XPL. 



IS/ Ofui IH2: Ltnvvr Crelaceoits, Greece: 
ation X 32: 181 P/^L, 182 XPL. 

Calcifc Ci/s/s oj retd io! aria are shown in 89, 
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183, 184 



Other sedimentary rocks : Cherts 



Cherts 

(continued) 



183 and 184 illuslrale features found in limestones, 
ironstones and terrigenous rocks as well as in cherts. The 
sediment contains terrigenous quartz grains, both mono- 
crystalline and poiycrystalline (p. 5), which are clear in 
PPL. It contains bioclasts, including an endopunctatc 
brachiopod shell (upper left) and echinoderm plates 
impregnated with iron oxide (e.g. upper right). These are 
composed of calcite and have been stained pale pink by 
the use of Alizarin Red S (see p. 34), The sediment also 
contains silicified grains which arc unstained and brown- 
ish in colour. These include both structureless examples, 
which are seen to be made up of microquartz in varying 
orientations (e.g, below the centre), and those with a 
nucleus of terrigenous quartz and an outer zone of silica 
with an oolitic structure (e.g. left of centre, near the top). 
These are interpreted as silicified ooids. Evidence f rom the 
XPL photograph suggests that in some of these at least, 
the silica replacing the ooid cortex has grown syntaxially 
with the terrigenous quartz nucleus (shown by uniform 
interference colour) e.g. the grain just below half-way up. 
right of centre. 
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IHi and 184: Stained ihin section, Carhoni/ennts. Middle 
Atlas, Central Morocco; magnification x 17: 183 PPL, 184 
XPL 
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Other sedimentary rocks : Cherts 



185, 186 



Cherts 

(continued) 




185 and 186 show a silicihcd limestone in which silicific- 
ation is not quite complete. The brownish grains seen in 
PPL are unaltered calcite, as indicated by their high 
birefringence when viewed with crossed polars. Those 
grains which are clear in PPL show first-order inter- 
ference colours when the polars arc crossed, and have 
been entirely replaced by quartz. Although the limestone 
has undergone considerable alteration, the ghost texture 
visible shows that the original sediment comprised small 
rounded grains (pcloids) and a few shell fragments. 
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185 ami 186: Am* emd locality unhwwn: 
ation X 22: 185 PPi.. 186 xrL 
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187, 188 



Other sedimentary rocks : Cherts 



Cherts 

(continued) 



187 and 188 show a variety of quartz types. The circular to 
elliptical areas of fine quartz (microquartz) may be the 
original sediment grains replaced by silica. The surround* 
ing areas consist of clear and cloudy zones of radial- 
fibrous quartz, known as chalcednnic quartz. The final 
generation of brown silica illustrates most clearly the 
radial-fibrous structure. Chalccdonic quartz is often a 
pore-f ll rather than a replacement. This is supported 
from the evidence of the sample illustrated, in that there 
are straight boundaries between adjacent growth of 
chalccdonic quartz and triple points where three growths 
meet. These polygonal boundaries are characteristic of 
radial-fibrous, pore-filling cements. The upper right of the 
photographs shows coarse equant quartz (macroquartz) 
which contains inclusions of highly birefringent car- 
bonate, indicating that the silica has probably replaced 
limestone. 
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Other sedimentary rocks : Evaporites 



189, 190, 191 




Evaporites 



Evaporites are rocks composed of minerals which pre- 
cipitate from natural waters concentrated by evapor- 
ation. Although only a few minerals arc abundant in 
marine evaporitc deposits, complex textures may develop 
as a result of the replacement of one mineral by another 
during diagenesis. On evaporation of seawater, the first 
minerals to precipitate after carbonate arc the calcium 
sulphates. The hydrous form, ^yp^ium, (CaS 04 . 2 H 20 ) 
occurs only near the earth's surface, whereas anhydrite 
(CaS 04 .) is formed at the surface and also replaces 
gypsum at depth. 

189 and 190 show laths of gypsum partially filling a 
cavity in a dolomite rock. The dolomite shows the very 
high relief and strong birefringence of a carbonate, 
whereas the gypsum shows low relief and weak birefrin- 
gence. The photograph taken with crossed polars shows 
typical gypsum interference colours, up to first-order pale 
grey. 

191 and 192 show a thin section through a sediment 
composed almost entirely of anhydrite. !t can be distingu- 
ished from gypsum by its higher relief and stronger 
birefringence. In the example shown, the anhydrite is m 
the form of laths with a radiating habit. The view taken 
with crossed polars shows the bright second-order inter- 
ference colours characteristic of anhydrite. 

193 and 194 show a sediment composed of gypsum and 
dolomite. The dolomite is very fine-grained and almost 
opaque in the photograph. The gypsum is in two fonns. 
At the base and top of the photograph it is in the form ofa 
network of irregularcrystals, whereas in tlic centre it is in 
tlic form of fibres aligned at right angles to the bedding. 
The former type is characteristic of gypsum replacing 
anhydrite, whereas tlie tiibrous gypsum is filling a vein 
running parallel to bedding. 
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192, 193, 194 



Other sedimentary rocks : Evaporites 



Evaporites 

( continued) 





189 and 190: Carboniferous iJfuesione, Tajfs WeU. South 
Wales: niagnifivation x 20: IH9 X PL, 190 XPL. 

191 and 192: Permian, Billingluin}, Teesside. England: 
magnification y. 16, 191 PPL. 192 XPL, 

193 and 194: Permian, BiUingham, Teesside, England: 
magnification x 9: 193 PPL, 194 XPL. 
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Other sedimentary rocks : Eyaporites 



195, 196 



Evaporites 

(continued) 




Gypsum may replace anhydrite on uplift of cvaporilc 
sequences and when removal of the overburden brings 
them near the surface. Textures are often of the type 
shown in 193 and 194, with small irregular gypsum 
crystals, but sometimes large euhcdral crystals form. 195 
and 196 show gypsum porphyroblasts replacing fine- 
grained (aphanitic) anhydrite. Note the six-sided gypsum 
crystals with low relief and first-order interference 
colours, contrasting with the anhydrite showing 
moderate relief and bright second-order inteiference 
colours. Note that the distribution of relict anhydrite 
inclusions within the gypsum porphyroblasts has some- 
times led to the development of a texture similar to hour- 
glass" zoning, a feature found in some minerals in igneous 
and metamorphic rocks. 




195 and !96: ( t}iut}i Sourh D\irhar>}, Enj^land: 

anon X H: 195 PEL, 196 XPL 
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197, 198, 199 



Other sedimentary rocks ; Rvapurites 



Evaporites 

(continued) 




The Iwo mosl common chloride minerals in evaporitc 
seiiuences are halite (NaCI) and syNite (KCI). 197 shows 
these minerals logclhcr. The refractive index of halite is 
close to that of the mounting medium, so that it shows 
very low relief, whereas the sylvitc has a moderate 
negative relief. Some of the sylvitc is reddish-brown in 
colour owing to the presence of a small amount of 
hematite, although the crystal in the lower right-hand 
corner is hcmatitc-frcc. The perfect {100} cleavage of 
both minerals is visible in some crystals and the halite 
shows some evidence of zoning. Both halite and sylvitc 
are cubic and thus isotropic, 

198 and 199 show a layered anhydrite-halite rock. The 
thin layers of line-grained anhydrite show moderate relief 
in PPL and bright second-order intcrrcrcncc colours with 
polars crossed. The halite has low relief and is isotropic. 
The halite layers also contain scattered rectangular 
anhydrite crystals. 




197: Permian Fison s Borehole, Robin Hoods Bay, North 
Yorkshire, England: magnification x 20, PPL, 

198 and 199: Permian, Fordon No, I Borehole, Scar- 
borough, North Yorkshire, England: magnification x 9: 
I9S PPL. 199 XPL. 
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Other sedimentary rocks : Eiaporites 



200, 201 



T 



Evaporites 

(continued) 




200 and 201 show an evaporile in which the minerals now 
present arc halite (low relier, isotropic) and anhydrite 
(moderate to high relief, second-order interference 
colours), There is also some carbonate between the small 
anhydrite crystals which is too fine-grained to be resolved 
at the magnification shown here. The irregular six-sided 
shapes which are now composed principally of halite and 
scattered anhydrite laths, have the form of gypsum 
poj'phyroblasts (see 195 and 196), They are thus interpre- 
ted as gypsum crystals which have been replaced. The 
gypsum itself was probably replacing anhydrite: this 
illustrates the complexity of diagenelic reactions which 
may occur in evaporites. 



200 amt 201 Fermi am Himwker Borehole, near Whithi. 
\orth Yorkshire. Engl ami: magnificaiUm x <V, 20O PPL 

201 XPL 
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202, 203, 204 



Other sedimentary rocks : Eiaporites 



Evaporites 

(continued) 




Polyhmlite, K 2 MgCa 2 (S 04 ) 4 . 2 H 20 , is a common mineral 
in some marine evaporile sequences, 202 shows a rock 
composed essentially of polyhalite and halite. Both 
minerals have a similar relief and crystals are not easily 
distinguishable in PPL, Thus only a view taken with 
crossed polars is shown. The halite is isotropic and so 
appears black. The polyhalite is partly Lnc-grained and 
partly coarse-grained. The larger crystals show simple 
twinning. Polyhalite has a fairly low birefringence, and 
interference colours up to low second-order can be seen. 

203 and 204 show a rock which is predominantly a fine- 
grained polyhalite. Two large porphyroblasts of anhy- 
drite with a typical lath shape can also be seen. The 
distinct diff erence in relief of the two anhydrite crystals 
results from their different orientations with respect to the 
polarizer. The anhydrite crystal near the lower edge 
shows the rectangular cleavage. The anhydrite is being 
replaced by the polyhalitc. The dark spots seen in 203 are 
granules of bituminous carbonate. 




202: Permian, Ford on No. J Borehole, Scarhorouj^h, North 
Yorkshire, England: magnification x 16, XPL. 

203 and 204: Permian, Aislahy Borehole, near Whitby, 
North Yorkshire, England: magnification x 20; 203 PPL, 

204 XPL, 




91 




Other sedimentary rocks : Eyapontes 



205,206, 207 




Evaporites 

( continued ) 



205, 206 and 207 show a rock composed of anhydrite and 
long narrow crystals of a carbonate mineral. The anhy- 
drite occurs as separate rectangular crystals and as 
sheaves of sub-parallel laths. One of these sheaves, having 
first-order grey interference colours, can be seen towards 
the lower, right-hand corner of the photograph. Most of 
the anhydrite crystals show two cleavages at 90®, and 
bright second- and third-order interference colours. The 
two photographs taken in PPL show the marked change 
in relief of the carbonate mineral, achieved by rotating the 
polarizer through 90*. 207, taken under crossed polars, 
shows that this mineral has very high order interference 
colours. It has been identified as magnesitey MgCO^. 
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205, 206 and 207: Permian, Aisiahy Borehole, near 
Whitby, North Yorkshire, England; magnification x 20; 
205 and 206 PPL, 207 XPL 



208,209 



Other sedimentary rocks : Evaporltes 



Evaporites 

(continued) 



Caniaiiite{KC\MgC\ 2 .(iH 20 ) is one of the most soluble 
of cvaponle minerals and thus preparation of thin 
sections containing it is diHicull, 208 and 209 show a thin 
section of an evaporite rock which is slightly thicker than 
the usual 30 The carnallite is showing bright inter- 
ference colours. Crystals in the centre and in the lower 
part ofthc held of view show the multiple twinning which 
is a characteristic of this mineral. The isotropic mineral is 
halite and the sediment also contains small rectangular 
crystals of anhydrite showing high birefringence. 





208 and 209: Permian. Fi.son's Borehole. Robin flood’s 
Bay. near Whitby, North Yorkshire: ma^nifi(atiim'< P): 
208 PPl., 209 X PL. 
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Some marine sediments contain authigcnic phosphate, 
usually in the form of a cryptocrystallinc carbonate 
hydroxyl fiuorapatitc, known as collophane. It commonly 
occurs as ooids and pellets, or as biogenic material such as 
fish teeth and scales or bone fragments. Sedimentary 
rocks rich in phosphate arc called phosphorites, 

210 and 211 show a phosphorite containing small 
greyish-brown pellets of collophane set in a coarse calcitc 
cement. The view taken with polars crossed shows the 
isotropic nature of collophane and the high-order inter- 
ference colours of the calcitc. Visible in the lower left- 
hand quadrant is a grain of secondary quartz showing 
first-order grey interference colours, 

212 and 213 illustrate a phosphorite in which the grains 
arc principally brown-coloured pellets of isotropic collo- 
phanc. The colourless f ragments, some o fwhich show very 
weak birefringence, arc also phosphate. Some show a 
trace of internal structure (c.g. the grain to the right and 
below the centre), These arc probably fish teeth and bone 
fragments. In contrast to the phosphorite shown in 210 
and 211 where the cement is calcitc, the cement here is 
fine-grained quartz. 

214 and 215 show a limestone which has been stained 
with Alizarin Red S and potassium fcrricyanidc (see p, 
34). The fragments arc mainly oysters (pink-stained) and 
sections of hollow calcareous worm tubes (mauve) set in a 
ferroan calcitc cement (blue). The sediment contains 
rounded pebbles of brown-coloured collophane (iso- 
tropic), containing small quartz grains and scattered 
pellets of green-coloured glauconite (see p. 17). The 
sediment also contains a few large, rounded quartz grains 
(c.g. the grain in the upper right corner). 
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213,214, 215 



Other sedimentary rocks : Phosphatic sediments 



I 

I 

I 



) 

\ 



Phosphatic sediments 

(continued) 





210 and 211 : Carbonif ernua, Roadford, Co. Clare, Repub- 
lic of Ireland: magnification x 23: 210 RPL, 21! XPL, 

212 and 21 3: Duwi Phosphate Formation, Eocene, Red Sea 
CoMsi, Egypt: magnification x JO: 212 PPL. 213 XPL. 

214 and 2/5: Tour de Croi Nodule Bed, Upper Juras.sic, 
iVimereux, France: magnification y, I i : 214 PPL, 215 
XPL 
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Other sedimentary rocks : Carbonaceous rocks 



216,217 



Coals and coal balls 




Coals arc usually examined microscopically under high 
power 111 reflected light using oiUimmersion objectives 
and therefore their detailed petrology is beyond the scope 
of this book. 216 is a thin section of a coal viewed in 
transmitted light. The photograph shows Junan. the dull 
material in coal, composed of the more resistant plant 
matter. The bright yellow fragments are spore cases 
distorted during compaction of the coal. 

Coal balls are carbonate concretions formed before 
compaction of the plant material in coal. They may be up 
to a few tens of centimetres across and 217 shows a thin 
section of part of one. The photograph shows that they 
contain wclhprcscrved cellular tissue of plants. 



2/6: Coal .\Icasurcs\ Upper Carboniferous, England; 
ma^nihealion x 14, P/H^. 

2/7: Coal Measures, Upper Carboniferous, Lancashire, 
En^timd; }na^nifieaHon x 9, PPl^, 
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Appendix 1 

Preparation of a 
thin section of a rock 



ll is sometimes believed that complex and expensive equipment is 
required for making thin sections of rock of standard thickness of 
0.03mm. but as the following instructions indicate, this is not thccasc. 
Thin sections can be made by the amateur with a little patience and 
perseverance. If a diamond saw is available to cut a slab of rock 
1 2 mm in thickness, the process is considerably speeded up. However, 
a chip of rock not more than S K) mm in thickness can usually be 
broken from a hand specimen with a small hammer and then a thin 
section can be made. 

The operations required to prepare a thin section after obtaining the 
fragment of rock are set out below. 

Using 100 micron particle size (120 grade) carborundum abrasive, 
one surface of the rock fragment is ground Hat on a piece of glass 
measuring about 30cm x 30cm and up to 1 cm in thickness; ordinary 
window glass is satisfactory if thicker glass is not available. Only a 
small amount of carborundum (half a tcaspoonful). just moistened 
with water, is used for grinding. If too much water is present the 
carborundum tends to extrude from underneath the rock, and in 
consequence is much less dTcctivc for grinding. 

After grinding with a rotary movement for about half a minute, the 
noise of the grinding changes because the carborundum grains lose 
their sharp cutting edges. The glass plate is washed clean and a fresh 
slurry of carborundum made on the plate. The time spent on grinding a 
ilai surface will of course depend on how irregular the surface of the 
rock chip was to begin with, 

When the surface of the rock is flat, the sample should be thoroughly 
cleaned with a jet of water before grinding with a finer grade of 
carborundum. The second stage of grinding should be carried out with 
60 micron size (22# grade) carborundum and two periods of grinding, 
for about a minute each, with a fresh quantity of carborundum is all 
that is required at this stage. 

Al ter washing, a final grinding of one surface is made for about a 
minute with 12 micron size carborundum (3F grade), Again, after 
cleaning, the rock sample may be polished using cerium oxide (0.)^ 
microii size) but this is not essential. 

The next stage is to glue the smooth surface of the rock to a 
microscope slide in one of two ways. It can be achieved by using a cold- 
setting epoxy resin, which usually consists of two fluids which must be 
thoroughly mixed. The maker's instructions for using these should be 
followed carefully because these materials should not be allowed to 
come in contact with the skin and the vapour should not be inhaled. 
The refractive indices of epoxy resins vary but most arc somewhat 
higher than the value of 1.54. For any work involving comparison of 
the refractive index of minerals with the mounting material, the 
refractive index of the cold resin should be ascertained. The chief 
disadvantage of using an epoxy resin is that it is very diilicull to 
remove, if, for example, it became necessary to transfer the rock chip to 



another glass slide. 

The alternative method is to use a material known as Lakeside 70C 
cement, which is supplied in short rods and must be melted on a 
hotplate. This material begins to soften about S5°C. so a hotplate 
which reaches I0#°C is quite suitable. A flat piece of aluminium or 
steel placed on a gas stove or on the element of an electric cooker at 
very low heat can be used for this stage, if no electric hotplate is 
available. A glass microscope slide and the roek specimen should both 
be heated on the hotplate until they arejust too hot to touch, then some 
Lakeside cement is melted on the flat surfaces of the rock and the slide 
by touching them with the rod of Lakeside cement. 

Whether the cold-setting epoxy resin or the Lakeside cement is used, 
the procedure is the same at this stage in that the flat surface oft he rock 
chip must be attached to the glass slide with no air bubbles between the 
two surfaces. The rock chip is placed on the glass slide and, with a 
slight pressure and circular movement, the excess mounting material 
and air bubbles arc squeezed out. The slide is then turned over to 
observe whether any air bubbles have been trapped between the rock 
and the slide: any bubbles must be gently extruded by pressure and, in 
the ease of the Lakeside cement, this has lo be done before the cement 
cools and becomes too viscous for the bubbles to escape easily. 
However, it can be reheated lo render it fluid again. With the epoxy 
resin, since the hardening lakes place over a period which depends on 
the variety, more time is available for extruding the air bubbles, but in 
this ease the sample should not be heated because this only speeds up 
the hardening process. 

If a diamond saw is available the rock fragment can now be cut from 
its original thickness of 5 U) mm to about 1 mm, otherwise it must be 
ground by hand. Its thickness should be reduced to about 0.2 mm (200 
microns) using 100 micron size carborundum: at this thickness it is 
possible to see through the transparent minerals. Carborundum of 60 
micron size should be used lo reduce the thickness from 0.2 mm to 
0.1mm and at this stage quartz and feldspars should show bright 
second-order interference colours when examined under crossed 
polars. 

The final stage of grinding from 0.1 mm to 1.03 mm is accomplished 
using 12 micron size carborundum. This is the stage in the whole 
process of section making which requires the most skill. The grinding 
has to be done very carefully to ensure that the section is of uniform 
thickness over its whole area, otherwise the edges tend t# be ground 
preferentially and become too thin. The slide must be examined 
between each stage of grinding to check on the uniform reduction of 
the interference colours. 



* Lakeside cvnivat is the inopyli iio'y a fnateyiahnanitf uiUtred in (he US/1 

ofidniarked ifi the United Kingdom by l^rodue(i<ni Teehniques Ltd, ! I '/dvisiin'k 
!<<>ad, Fleet. Hampshire. 
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In ihc making of ihin sections, it is generally assumed thal ihc rock 
will contain some quartz or feldspar. These show first-order grey and 
white interference colours in a thin section of standard thickness and 
neither should show a first-order yellow or red colour. Thus a thin 
section in which quartz or feldspar shows colours in Newton's scale 
higher than first-order white is too thick. In making thin sections of 
limestones or evaporites where quartz and feldspar arc absent, il is very 
difficult to estimate thickness; only an experienced thin section maker 
can do so accurately. With limestones, where the minerals show high- 
order interference colours, the section should be ground until sparite 
crystals and the internal structures of shell fragments arcclcar. Mien tc 
will remain difficult to resolve even at high power. 

It is usual to cover the section, either by painting the surface with a 
transparent cellulose lacquer, or better still with a glass cover slip as 
lacquertendsto scratch easily. This isdonc traditionally using Canada 
balsam diluted in xylene, but the process of heating the mixture at the 
correct temperature for the correct time requires some experience. We 
have found that it is quite satisfactory to fix the cover glass by either 
using the same epoxy resin which was used to attach the rock to the 
microscope slide, or by using a clear lacquer painted or sprayed onto 
the surface of the rock. As in the process of fixing the rock to the 
microscope slide, care must be takcii to ensure that no air or gas 
bubbles arc trapped between the cover glass and the rock. This is 
particularly important if the material has been applied by a spray, 
because some of the propellant may be dissolved in the clear lacquer. 
Any bubbles which arc visible in the liquid after spraying should be 
allowed to burst before applying the cover slip. Only sufficient lacquer 
or Canada balsam to cover the slide with a thin layer of liquid should 
be applied. 

Thccovcr slip should touch the liquid on the slide at one end and be 
allowed to fall slowly onto the liquid. If any air bubbles arc visible they 
can be extruded by gentle pressure on the cover glass. The excess 
lacquer or epoxy resin must be extruded to render it as thin as possible, 
otherwise the minerals cannot be brought into focus with a high-power 
lens because of the short working distance of lenses of magnifkation 
more than x 40. 

Finally when the mounting material has set hard, the excess can be 
scraped from round the edges of the cover glass with a razor blade or 
sharp knife. 
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Appendix 2 

Staining a thin section 
of a limestone 



The procedure detailed below, adapted from Dickson (1965), has been 
found generally satisfactory and has been used in preparation of most 
of the stained sections shown in this book- Two stains are required 
Alizarin Red S and potassium ferricyanide. 

1. Prepare a thin section of the rocks as described i n Appendix I but 
omitting the coverslip. Ensure that no dirt or grease adheres to the 
surface. 

2 . Prepare two staining solutions: 

Solution A: Alizarin Red S concentration of 0,2 g/ 100 ml of 
[.5% hydrochloric acid (15 ml pure acid made up to I litre with 
water). 

Solution B: Potassium ferricyanide conccntration2g/100ml of 
1.5% hydrochloric acid, 

3. Mix solutions A and B i n the proportion 3 parts by volume of A to 2 
parts of B, 

4- Immerse the thin section in the mixture of solutions for 30''45 
seconds, agitating gently for at least part of the time to remove gas 
bubbles from the surface, 

5. Wash the stained section in running water for a few seconds. 

6. Allow to dry. 

7. Cover with polyurethane varnish or a coverslip in the normal way. 

Note: The solution of Alizarin Red S in acid may be made up 
beforehand and will keep, but the potassium ferricyanide must be 
made fresh each time, A large number of sections can be stained with 
250 ml of stain solution. 



Appendix 3 

Preparation of a stained 
acetate peel of a limestone 



The following procedure has been found to work well with most 
lilhificd limestones of low porosity and has been used to make most of 
the peels shtwn in this book. Porous limestones should first be 
impregnated with resin, otherwise evaporation of the acetone will 
draw up water onto the stained surface after step 6 (below). 

1 . Prepare a slab of rock, grinding f at the surface to be peeled. The 
final grinding should be made using 3F grade carborundum 
powder, 

2. Prepare stain solutions A and B in the concentrations described in 
Appendix 2. 

3. Mix solutions in the proportion A:B. 3:2, and pour into a shallow 
container largeenough to allow the whole of the ground surface to 
be in contact with the solution. 

4. After ensuring that the surface to be peeled is free from dirt or 
grease, immerse the l ock slab in the stain solution so that the 
surface to be peeled is completely covered by solution. This is done 
best by holding the specimen with the ground surface downwards, 
either by hand or in a clamp and retort stand, otherwise the 
solution will be wasted on the unprepared surfaces. The specimen 
should be immersed in the solution for 9# seconds. Agitate the 
solution occasionally to remove gas bubbles from the undersur- 
face of the slab. 

5. Rinse the stained surface with water and leave for a few minutes 
for excess water to evaporate. 

6. Flood the surface with acetone allowing it to run oiT, taking the 
excess stain with it. 

7. Cut out a piece of thin acetate sheet (f.003 inch thickness is 
suitable) slightly larger than the sample. 

8. Arrange the rock sample with its stained surface uppermost and 
horizontal, taking care not to touch the surface, 

9. Flood the surface with acetone. 

10. Lower the acetate sheet onto the surface gently, taking care to 
expel any air bubbles which may have formed. No prcs.sure is 
requi red. 

1 1 . Leave the slab and peel for half an hour at least, to allow the pee) to 
harden, 

12. Gentl> peel the acetate shc\:t from the sample. 

13. Trim and mount immediately between two pieces of glass to keep 
the peel flat. Normal glass slides for thin sections arc suitable for 
small samples. 

The peel is now ready for examination under the microscope. 

Note: (a) To mako another peel of the same sample it is necessary to 
re-grind the surface with only the finest grit before repeating 
steps 4 13 above. 

(b) The number of samples which can be peeled successfully 



using 500 ml of solution will depend on their surface areas. 
Using samples averaging about 5em square, (0-15 samples , 
can be accommodated, although i t will be necessary to increase . 
the time in the solution as the acid becomes weaker, After i 
10-15 samples, the solution must either be discarded or 
strengthened with a 2 3 ml of concentrated hydrochloric add, 

(c) All ihemkals should he handled wUh ^real care. U Is 
recommended lhal prole dive gloves are worn (hroughoul (he 
making of peels. Take care nol lo inhale ihe acelune fumes. 
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This atlas provides an essential guide and laboratory manual for 
j geology students and teachers. Amateur geologists will also 
I find much to help them enjoy the study of sedimentary rocks 
* under the microscope with the aid of relatively simple 
equipment. 

This full-colour handbook presents over two hundred colour 
illustrations of the common constituents and textures of 
sedimentary rocks as seen using thin sections or acetate peels. 
Since carbonate rocks show the greatest variety of grain types 
half the book is devoted to them, but the authors also cover 
sandstones, ironstones, phosphatic rocks, evaporites and 
cherts. In addition to the plates and their captions, a short 
introduction outlines the classifications used and the staining 
techniques applied to most of the limestone samples. 





